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'Now the smallest Particles of Matter may cohere by the strongest 
Attractions and compose bigger Particles of weaker Virtue; and 
many of these may cohere and compose bigger Particles whose 
Virtue is still weaker, and so on for diverse successions, until the 
Progression ends in the biggest Particles on which the Operations 
in Chymistry and the Colours of natural Bodies depend, and which 
by cohering compose Bodies of a sensible Magnitude. 

There are therefore Agents in Nature able to make the Particles 
of Bodies stick together by very strong Attractions. And it is the 
Business of Experimental Philosophy to find them out." 

Isaac Newton, Opticks, 1704 
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To the men and women who create the accelerators, 

the detectors, and the experiments from which 

the concepts of particle physics spring. 



PREFACE 



. . . Call me a fool; 
Trust not my reading nor my observation, 
Which with experimental seal doth warrant 
The tenour of my book. 

Much Ado about Nothing, Act IV 



The goal of this book is to elucidate basic and well-established concepts of particle 
physics to those who do not have the sophisticated training in mathematics and 
physics that is habitually expected of students of this subject. For that reason this 
book does not really belong to what we may call the written tradition of physics. 

Like every intellectual pursuit, physics has both a written and an oral tradition. 
Intuitive modes of thought, inference by analogy, and other strategems that are 
used in the effort to confront the unknown are transmitted from one generation of 
practitioners to the next by word of mouth. After the work of creation is over, the 
results are recorded for posterity in a logically impeccable form, but in a language 
that is often opaque. The beginner is expected to absorb this written tradition, and 
only the survivors of this trial-by-ordeal are admitted to circles where the oral tra- 
dition is current. We could only hope to strive toward our goal by leaning heavily 
on the oral tradition. That is not meant as an apology, for we believe that this 
tradition plays an essential role not only in the creation of physics, but also in the 
search for a deeper understanding. A wider dissemination of the oral tradition is 
therefore in order. 

What we expect from our readers can perhaps be best conveyed by saying that 
this book had its origin in a lecture series that we have given over a period of 
many years to students who have won scholarships to spend a summer at CERN. 
These students had completed their first degree in a variety of scientific and en- 
gineering disciplines at universities throughout Europe. We were therefore able to 
assume a knowledge of electrodynamics, relativity, and elementary quantum me- 
chanics at a level comparable to what is now standard at the senior level in Amer- 
ican undergraduate curricula. That is the background expected from readers of 
Volume I of this book. Volume II only has Volume I as a formal prerequisite; 
nevertheless, it is more demanding and sophisticated than Volume I. 

Elementary quantum mechanics is definitely a prerequisite for the understand- 
ing of this book. Since our readers are likely to have a rather heterogeneous prep- 
aration in this subject, we have, in Part B of Volume I, provided a terse summary 
of the principles of quantum mechanics in a form adapted to the needs of particle 
physics. 
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Having explained what we expect from our readers, we now describe what our 
readers should and should not expect from us. 

First, they should recognize that this is not a textbook in the conventional sense. 
There are no homework exercises, and very few detailed calculations of elemen- 
tary examples, complete with factors of 2tt, etc. On the whole, our attention is 
focused on the general conceptual framework. This approach is buttressed by order- 
of-magnitude estimates, symmetry considerations, selection rules, and other ar- 
guments that permit one to understand the characteristic behavior of physically im- 
portant quantities that emerge from full-fledged, ' 'professional" calculations. 

Second, while we provide a reasonably detailed overview of the experimental 
data in the figures, in Chapter III of Volume II, and in Appendix I, we say hardly 
anything about the prodigiously sophisticated experimental techniques that have 
yielded this rich bounty of facts. Readers who wish to gain some acquaintance 
with these techniques should consult the excellent text by Perkins (1982). 

Third, within the constraints already explained, we try to paint a fairly accu- 
rate, and therefore rather conservative, picture of the current status of the field. In 
so doing, we have taken into account the remarkable growth of knowledge during 
the past decade — a virtual revolution that has led us to write a book that bears but 
little resemblance to what we envisaged when we began work on the manuscript 
in the summer of 1974. On the other hand, we have shied away from discussing 
the large number of intriguing speculations that this revolution has spawned. The 
only exception to this rule is Section 13 of Volume I, which sketches those ideas 
that appear to be most fruitful and provocative at this time. 

To summarize, this book is primarily intended for the autodidact who is curious 
about recent developments in fundamental physics, whether he or she be a student 
of any branch of physics or a professional scientist in a discipline other than par- 
ticle physics. When complemented with suitable monographs, the book should also 
be useful to students who wish to pursue research in particle physics, and we even 
entertain the hope that our colleagues in the field itself will, on occasion, find here 
new ways of seeing phenomena that they understand and live with daily. 

The book has been divided into two volumes. Volume I is a self-contained 
overview of the whole subject, beginning with post-Renaissance concepts, and ending 
with speculations concerning the relationship between particle physics and cos- 
mology. Volume II goes over much of the same material again, but at a deeper 
level. It can be traversed by a variety of multiply connected paths that all begin 
from an assumed knowledge of Volume I, and which are described in the Preface 
to Volume II. 

Our primary objective throughout has been pedagogy, not history. For that rea- 
son we have not given references to the original literature, nor have we tried to 
face the exceedingly difficult task of assigning credit for the theoretical and ex- 
perimental work that is described, for that would have taken, at an absolute min- 
imum, a plethora of enormous footnotes which would not be of interest to the vast 
majority of our readers. One should therefore recognize that the experimental data 
shown in the figures and tables are, with but few exceptions, not the results of the 
experiments that discovered the phenomena in question. In the same vein, refer- 
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ences to theoretical papers are not to the original breakthrough contributions, but 
to pedagogic articles, or to recent comparisons between theory and experiment. 
We hope that our colleagues in the field will not take this amiss. The most distin- 
guished amongst them should take solace from the fact that it is no longer custom- 
ary to refer to a publication by Galileo when one exploits the momentum conser- 
vation law. 

Many of our colleagues on both sides of the Atlantic have provided us with 
invaluable insights and criticism. We are especially indebted to Valentine Telegdi 
who, for a time, was to be our co-author. Others who have given generously of 
their knowledge are John Bell, Sidney Coleman, Sidney Drell, Richard Feynman, 
Erwin Gabathuler, Vladimir Glaser, Alan Guth, Maurice Jacob, Robert Jaffe, 
Kenneth Johnson, Toichiro Kinoshita, Gething Lewis, Michael Peskin, Carlo Rubbia, 
Alvaro de Rujula, Heinrich Wahl, Klaus Winter, Tung-Mow Yan, and Donald 
Yennie. We are grateful to the Particle Data Group at Berkeley for providing us 
with an early version of their latest compilations and for other valuable data. Wil- 
liam Lock gave us helpful advice concerning publication of this book. We owe a 
special note of thanks to Erich Rathske, for his meticulous help with proofreading 
has made this a much more accurate book than it would otherwise have been. The 
manuscript has gone through so many versions that we cannot express our appre- 
ciation to all who have helped in its preparation, but we are particularly indebted 
to Diane Eulian, Donald Miller, Jenni Morris, Velma Ray, and Milda Richardson. 

The generous support of CERN throughout the years is gratefully acknowledged. 

December 1983 

Ithaca, New York K.G. 

Cambridge, Massachusetts V.F.W. 



NOTATION AND CITATIONS 



This book is divided into Chapters, denoted by roman numerals (I, II, etc.). 
Chapter I constitutes Volume I. Chapters are divided into Parts, designated by 
A, B, etc., and Parts are subdivided into Sections and Subsections, enumer- 
ated as 1(a), 1(b), . . . , 2(a), 2(b), . . . , etc. The enumeration of equations 
begins afresh in every Part of each Chapter. A purely numerical reference to 
an equation, as in Eq. (41), or a Section, as in §4(a), refers to an equation or 
Section in the same Part. When an equation or Section in another Part (say C) 
of the same Chapter is referred to, the citation would read Eq. C(41) or 
§C.4(a), while if the reference is to another Chapter (say IV), the citations 
would read Eq. IV.C(41) or §IV.C.4(a). 

Figures are numbered afresh in each chapter and are referred to by that 
number within each Chapter. A figure (e.g., No. 3) in another Chapter, say 
II, is denoted by Fig. II. 3. 

References to the Bibliography (there is one at the end of each volume) are 
cited using first author and year of publication, as in (Dirac, 1958). Unless 
there is a specific reference, experimental data are taken from the Particle 
Data Group, 1982; Appendix I is an abbreviated version of this data 
compilation. 

Text in small type, which is always set between bracket symbols, ([ ]> is 
more advanced than the surrounding material, or only of secondary impor- 
tance at that juncture, and can be skipped at a first reading. 

Particle reactions are usually written in an abbreviated form, as in 
yA — > Ae + e~, which means y + A-*A + e + + e~, where A stands for an 
atomic nucleus. 

With but rare exceptions, we use natural units, wherein h = c = 1; this 
system of units is explained in LB. 1(e). Other commonly used units are 
fm = 1(T 13 cm, A = 10" 8 cm, MeV = 10 6 eV, and GeV = 10 9 eV. 

Our quantum mechanical notation is defined in §I.B.l. We designate 
everyday Euclidean 3-space by % 3 , while abstract Euclidean 3-spaces carry a 
superscript, such as T, which stands for weak isospin, or J, which stands for 
hadronic isospin. A complex Af-dimensional vector space is designated by <6 N . 
The notation {. . .} refers to the set of objects 

Vectors in % 3 are in roman boldface: E, p, e, etc. ; unit vectors have a caret, 
as in €. Minkowski 4- vectors are denoted by italic boldface, as in x = (t, r) or 
p = (E, p). The Lorentz-invariant scalar product of two 4-vectors is written as 
a dot product, as in x • p = Et - r • p. Vectors in an abstract % 3 space are 
written as A, B, etc., and their scalar products A • B, etc., have the usual 
meaning. Beginning with Chapter IV, we also use the notation A, B, etc., to 
represent color-5C/(J) octets. 

xi 
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BASIC CONCEPTS 



THE EVOLUTION OF THE PARTICLE CONCEPT BEFORE 
THE ADVENT OF QUANTUM MECHANICS 



The idea that matter consists of some simple and unchanging elementary 
constituents is deeply ingrained in our way of thinking. We observe that 
matter appears in an enormous variety of different realizations, qualities, 
shapes, and forms, transforming from one into others. In these changes, 
however, we observe many recurring properties — many features that remain 
unchanged, or, if changed, that recur under similar conditions. We find 
constancies and regularities in the flow of events; we recognize materials with 
well-defined properties, such as water, metals, rocks, or living species; we 
conjecture that there must be something unchanging in nature that causes 
these recurrent phenomena. This is the origin of the idea of elementary 
particles, as Newton expressed it so lucidly: 

All these Things being considered, it seems probable to me that God 
in the beginning formed Matter in solid, massy, hard, impenetrable, 
moveable Particles, of such Sizes and Figures, and with other 
Properties, and in such Proportion to Space, as most conduced to the 
End for which He formed them; and that these primitive Particles 
being Solids are incomparably harder than any porous Bodies 
compounded of them; even so very hard, as never to wear or break in 
Pieces; no ordinary Power being able to divide what God himself 

made in the first Creation And therefore that Nature may be 

lasting, the Changes of corporeal Things are to be placed only in the 
various Separations and new Associations and Motions of these 
permanent Particles. 

Newton put forward a seminal assumption concerning elementary parti- 
cles: they must have well-defined, specific, unchanging properties. In his 
time, this quality could only result from being "incomparably" hard. Such 
elementary units were eventually discovered when chemists during the 18th 
and 19th centuries found that all matter is made up of 92 different species of 
"atoms," a term that is the Greek equivalent* of Newton's "incomparable 
hardness." 

* Atomai = uncuttable. 
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Fig. 1. Rough sketch of the potential of the chemical force between two atoms. The quantitative 
details depend on the kind of atoms. Their separation r is in units of angstroms, 10~ 8 cm. 



In order to describe the properties of matter as we observe them in our 
terrestrial environment, the chemists and physicists of the 19th century 
postulated several distinct kinds of forces acting between atoms. Here is a 
partial list of those forces: 

1. Chemical forces between atoms, which keep them together so that they 
form specific groups of atoms in the form of molecules or solids. These 
forces are attractive over a range of a few angstroms (1 A = 10" 8 cm), but 
fall off exponentially outside that range. At distances shorter than that 
range, they become repulsive and prevent the atoms from overlapping 
one another. A rough picture of the potential energy of these forces is 
given in Fig. 1. 

2. Forces acting between molecules which 

- keep the molecules bound to each other in solids and liquids; 

- act repulsively when molecules get very near to each other and are 
responsible for molecular collisions in gases, and the resistance of 
solids and liquids against compression; 

- provide a weak attraction between molecules, such as hydrogen 
bonds and the Van der Waals forces; 

- produce capillary forces on the surface of liquids; 

- result in adhesion between solid surfaces. 

3. Electrical forces between charged atoms and molecules (ions). 

4. Gravitational attractions between atoms or molecules, which are neg- 
ligible compared to all the other forces as long as the body in question is 
not macroscopic. 
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The concepts of atoms and molecules made it possible to explain the 
phenomena of heat and temperature as being due to atomic or molecular 
random motion. The successes of this idea and, in particular, the quantitative 
explanation of the behavior of dilute gases, gave great support to the 
hypothesis that atoms and molecules really exist. 

Toward the end of the 19th century, profound problems and difficulties 
appeared within the framework of these ideas. The ground was prepared for 
the revolution that culminated in the creation of quantum mechanics. These 
difficulties can be divided into internal and external ones, the former being 
logical inconsistencies within the theories existing at that time, the latter due 
to experimental results which seemed to contradict the theories. 

The most important of these internal problems was what we shall call the 
Boltzmann paradox. Boltzmann was able to prove that when a system is in 
thermal equilibrium, each and every one of its degrees of freedom will 
contribute the amount \kT to the total energy, where T is the absolute 
temperature and k is the Boltzmann constant [k — 8.6 x 10~ n MeV °K -1 ]. 
This is the well-known equipartition theorem. The specific heat of an aggre- 
gate should therefore be independent of temperature, and equal to \nk, 
where n is the number of degrees of freedom of this system per unit mass — 
the number of independent ways in which it can move. For example, an ideal 
gas of n diatomic molecules per unit mass has 5n degrees of freedom if one 
assumes that the molecules are rigid, because each molecule can move as a 
whole in three directions, while its orientation is given by an axis whose 
direction is determined by two angular coordinates. This result was verified 
at ordinary temperatures. But at very low temperatures the specific heat 
decreased, in contradiction with the theory. What was worse, however, was 
that the basic assumption of only five degrees of freedom per diatomic 
molecule proved to be questionable. Why is there no internal motion within 
the molecule, such as vibrations of the atoms, or deformations of the 
molecule? 

This is just one example of the contradiction in principle which we have 
called the Boltzmann paradox. In classical physics any piece of matter of any 
size — even an atom — must have an undetermined number of degrees of 
freedom: it must be able to undergo deformations of all kinds. The equipar- 
tition theorem applies to any degree of freedom, even those that describe 
very stiff deformations; they too would contribute \kT to the specific heat. 
Hence, within classical kinetic theory, the specific heat is undetermined, 
because the number of degrees of freedom of any finite chunk of continuous 
matter is infinite, whatever its size. 

The same paradox appears even more forcefully in the thermodynamics of 
the classical radiation field. The number of degrees of freedom of the 
radiation field in a given volume of empty space is infinite, because an infinite 
span of frequencies is available. Since every material body at finite tempera- 
ture emits some radiation, it follows from the theory that it is impossible to 
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establish thermal equilibrium between such a body and its own radiation if the 
body is placed in a perfectly reflecting enclosure. Energy would flow into 
the insatiable radiation field with its infinite number of degrees of freedom. 
The classical equipartition theorem therefore destroys the theory on which 
it is based. 

We now come to the external difficulties arising from experimental results 
that contradicted the accepted theories. One was mentioned already: the 
specific heat of gases and solids decreased markedly at low temperatures 
(usually below 100° Kelvin), in contradiction with the equipartition theorem, 
as if matter does not like to absorb small amounts of heat energy. 

Other difficulties arose from the study of electricity and optics. At the end 
of the 19th century the electron was discovered, identified as the carrier of 
currents in metals, and as an important constituent of atoms. Electrons within 
atoms were recognized as being responsible for the radiation phenomena 
involving matter. In particular, the splitting of spectral lines in a magnetic 
field (the Zeeman effect) made it plausible that radiant matter produces light 
by vibrating electrons. The existence of spectral lines proved that light is 
emitted by matter with well-defined frequencies which are characteristic of 
the material. It was therefore natural to assume that electrons are elastically 
bound in atoms and perform oscillatory vibrations with frequencies that are 
characteristic of each material. But again the equipartition theorem caused 
trouble, because it predicts radiative properties of matter in glaring contradic- 
tion with the facts. The theorem requires that the electrons should oscillate 
with all their characteristic frequencies at any temperature, but with ampli- 
tudes that decrease continuously toward zero as the temperature is lowered. 
In fact, however, when heated, a piece of matter glows red, then yellow, and 
finally bluish-white: Ever higher frequencies are emitted as the temperature is 
raised. It was not generally appreciated that the classical theories contradict 
the observations of every blacksmith and cook. As so often in the history of 
science, the conflict between simple and generally known facts, and current 
theoretical ideas, was recognized only slowly. It took many decades, and a 
continuous barrage of new facts, before it became clear that the nature of the 
atom cannot be explained by the concepts of classical physics. 

The most elementary experiments of chemistry are also at variance with 
classical principles: They are interpreted in terms of atoms and molecules 
exhibiting properties characteristic of the species, all members of one kind 
being completely identical with each other. This identity of properties and 
behavior survives collisions in gases, tight packing in liquids or solids, and 
subsequent evaporation; it can be recovered after spark discharges, ioniza- 
tion, and all other violent disturbances. When the original conditions are 
restituted, the atoms or molecules regenerate themselves with identical 
properties, without any trace of the previous history. These features are 
utterly alien to the ideas of classical physics, where initial and boundary 
conditions are essential ingredients in determining the motion and structure 
of every system. 
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Any classical model of the atom had to assume the existence of nonelectri- 
cal forces that kept the electrons in fixed positions when the atom was 
undisturbed, because Earnshaw's theorem proves that no system of charges 
interacting only via Coulomb's law can be in static equilibrium, while any 
moving system of charges radiates and thereby loses energy unendingly. The 
assumption of nonelectric forces was not disturbing in itself, because, as we 
have seen, all sorts of forces had already been invoked for a host of purposes. 
The fatal blow against such views of atomic structure and dynamics came as 
late as 1911 with the discovery of large-angle scattering of a -particles by 
metallic foils. This was immediately interpreted as proving that most of the 
mass and positive charge of the atom is concentrated in a small nucleus. The 
notion that electrons are elastically bound by a conspiracy of electrical and 
other forces was seen to be highly implausible; rather, it became natural to 
suppose that the electrons revolve about the nucleus like planets around the 
sun. But this picture also showed that there was no hope of understanding 
the atom within the framework of classical mechanics and electrodynamics. 
A planetary atom would not emit light with selected definite frequencies. 
Furthermore, a classical planetary atom does not have a well-defined 
structure that is stable against collisions, whereas atoms manifestly have that 
property. What is perhaps worse, such a system could not exist for any 
reasonable length of time: Within 10" 9 sec electrons in orbits of atomic 
dimensions (~ 1 A) would spiral into the nucleus because of energy loss 
through radiation, producing an inert and electrically neutral body consisting 
of electrons sitting on the nuclear surface. 

The discovery of the nucleus quickly led to the Bohr-Rutherford model of 
the atom. This highly successful model had two essential ingredients: a purely 
electromagnetic interaction between all atomic constituents, and the quan- 
tization of angular momentum, which also implied the quantization of energy. 
The quantum concept had been developed during the preceding decade, 
principally in connection with the emission and absorption of light. This was 
its first use in what is, in essence, a problem of mechanics, not of electrody- 
namics. Quantization of energy had one immediate beneficial consequence: 
it resolved the Boltzmann paradox. 

The Bohr-Rutherford model, like all facets of the "old quantum theory" 
which foreshadowed quantum mechanics, was based on a set of ad hoc rules 
that constituted clear violations of the basic principles of classical mechanics. 
The partial success of the old quantum theory showed that atomic phys- 
ics could not be understood within the classical framework — that that 
framework would have to be rebuilt from its very foundations. 

The discovery of radioactivity at the end of the 19th century shook 
physicists even more than the complex web of observations concerning the 
chemical, electrical, and optical properties of the atom. Here they observed 
particles and radiations with energies that exceeded the energies they had 
associated with processes in the atom by factors of the order of a million. The 
law of the conservation of energy was now in doubt; there was a heightened 
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feeling of mystery surrounding the structure of atoms. It was not yet realized 
that these phenomena point to the next level of insight: the internal structure 
of the nucleus. Despite that, radioactivity provided powerful tools which were 
necessary for penetrating into the structure of atoms. The existence of atomic 
nuclei cannot be inferred from optics or chemistry; the discovery of the 
nucleus was contingent on the earlier discovery of radioactive a -emitters. 



B. NONRELATIVISTIC QUANTUM MECHANICS 
AND ATOMIC PHYSICS 



During a few hectic years, from 1925 to 1927, the hodgepodge of recipes 
and rules that constituted the old quantum theory was replaced by a new 
mechanics — quantum mechanics. It has the logical consistency and complete- 
ness that we expect of a fundamental theory of physics. While readers of this 
book are expected to have a reasonable knowledge of nonrelativistic quantum 
mechanics, we shall provide a resume so as to establish a common language. 
We shall assume no knowledge of relativistic quantum mechanics or of 
quantum field theory. Indeed, it is one of the major purposes of this book to 
explain the basic principles of that subject, for it provides many of the key 
concepts of particle physics. 



/. The principles of quantum mechanics 

Consider some physical system if . For the sake of concreteness, we shall, on 
occasion, think of the hydrogen atom, an electron in the field of a proton. 

(a) State vectors. Observables 

Every possible state of if is described by a state vector \\p). To every \\fj) we 
ascribe an adjoint vector {\p\. If 1^) and |i/f 2 ) are two state vectors, their scalar 
product ((fel^i) is a complex number satisfying ((fel^i)* = (<Ail<A2)- The 
quantity P 21 = K^l^i)! 2 is the probability that if will be observed to be in the 
state |^ 2 ) when it is prepared in the state 1^). For that reason the scalar 
product is called the probability amplitude. Obviously ^ P 21 ^ 1> and 

M0I = i- 

If a and b are complex numbers satisfying \a\ 2 + \b\ 2 = 1, fl|(Ai) + b\\fj 2 ) 
is again a state vector — it too describes a possible state of if. The totality of 
all state vectors form the Hilbert space £>. 

To any observable quantity associated with if (e.g., angular momentum or 
position of the electron) there corresponds an operator A. When acting on 
l^x), A produces another vector ;4|<Ai)> and its scalar product with |i/f 2 ), 
<i/f 2 p4|<Ai)> is called a matrix element of A. The vector adjoint to ^4|(Ai) is the 
vector ((AiM^ where the Hermitian adjoint, A f , is defined by 
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The diagonal matrix element {*ft\A\\fj) is of special importance: it gives the 
expectation value oiA in the state \ty). By this one means that measurements 
of the observable A on an ensemble of system if , all identically prepared to be 
in the state |t/f), will yield {ty\A\\fj) as the statistical mean of these measure- 
ments. Since the expectation value must be real in any state, observables are 
represented by operators satisying A = A f . Such operators are said to be 
Hermitian. 

We shall frequently encounter transition probabilities and transition ampli- 
tudes. These concepts are most readily understood with the help of an 
example. Let \if/) represent an electron of momentum p incident on a nucleus, 
together with the scattered waves resulting from the Coulomb interaction. 
The probability that electrons prepared in \ijj) are to be found in a plane wave 
state |x) of definite momentum p' is called the probability for the transition 
from p to p'. It is given by Kxl<A)| 2 , an< l (xl<A) is called the transition amplitude. 

(b) The equations of motion 

Of all the observables belonging to if , one is especially significant, because 
it governs the time development of the system. This is the operator H , the 
Hamiltonian, and it determines that development by means of the Schrodin- 
ger equation: 

*£|*(0> = tf|iK0>. (!) 

This has the formal solution 

l<K0> = e-Wi-toMMto)), (2) 

where \^(t )) is the state at some initial time t . Henceforth we set t = 0. 
The expectation value of any observable A in the evolving state is then 
given by 

= {^)\e iHt/h Ae- iHt/h \ifj{G)). (4) 

These equations show that we can use two equivalent though different 
"pictures" for describing time evolution. In the Schrodinger picture, the 
observables A are fixed, and the state vectors |«A(0) revolve in Hilbert space. 
In the Heisenberg picture, the state vectors are fixed at, say, t = 0, but the 
observables move: 

,4(0 = e iHt/h Ae- iHt/h . (5) 

Obviously 

ih ^-A(t) = [A(t),H], (6) 

ot 
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where [A,B] = AB - BA is the commutator. Equation (6) plays the role of 
the equation of motion in the Heisenberg picture. The Schrodinger picture is 
the more familiar one, but the Heisenberg picture is more appropriate in 
quantum field theory, where the space and time specifications of events are on 
an equal footing. 

(c) Unitary operators and symmetries 

Unitary operators are of great importance in quantum mechanics. An 
operator (/is said to be unitary if UU f = U f U= 1, or U f = U~ l . Clearly the 
operator e iA is unitary if A is Hermitian. The time evolution of (2) is given by 
the unitary operator 

U(t) = e~ iHt/h . (7) 

Consider some symmetry operation, such as a spatial translation. Let |t/^j) 
be two different states of if , for example, two electron wave packets running 
in different directions through the same region, so that F /; = |(t/^|t/iy)| 2 does 
not vanish. If \\fj\) and \if/j) are precisely the same states as seen in a 
coordinate frame that has been translated with respect to the first, the 
probability \{ty[Wj)\ 2 must still be F /; , and by an appropriate choice of 
phases, we can therefore make («fc|^y) = {$[ \^j). This demonstrates that the 
translation that relates |t/^) to \ty[) is given by a unitary operator W, 
\ift) = W\fc) 9 because <^,'|^-> = <^,-|W + W|^ ; -> = <<A/I<A/}- Hence symmetry 
transformations are represented by unitary operators.* 

(d) Stationary states 

The Schrodinger equation possesses solutions where the time development 
(2) is given by a numerical phase factor instead of the unitary operator e~ iHt/h : 

\m) = e- iEt/h \* E ). (8) 

The number E and the stationary state \$ E ) are determined from the 
time-independent Schrodinger equation 

(H - E)|<fe> = 0. (9) 

Thus E is an eigenvalue of the operator H, and \\p E ) the corresponding 
eigenvector. 

The other observables also have eigenstates and eigenvalues. For the 
generic operator A we write (^4 - a)\a) = 0, where a is the eigenvalue and 
\a) the eigenstate. In general \a) and |i/f E ) will not be identical. Eigenvalues 
are often called quantum numbers. 

* There is one exception to this statement: time reversal is not described by a unitary 
operator. For a discussion of this point, see Gottfried (1966), §§27 and 39, and Wick (1966). 
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If if has more than one degree of freedom, the energy will not suffice to 
determine a unique state vector: there are many — often an infinite number — 
of states belonging to an eigenvalue E. Quite generally, if if has n degrees of 
freedom when viewed as a classical system, n distinct eigenvalues are 
required to specify a state vector uniquely. Thus if if is our electron, and we 
ignore spin for the moment, n = 3, and the eigenvalues of three distinct 
observables are required. These could be the energy E, the orbital angular 
momentum /, and the projection m of the angular momentum along some 
axis. This fully specified stationary state could be designated by \Elm). 
Another completely specified state is |r), where r = (x,y,z) are the three 
eigenvalues of the operators for the electron's cartesian coordinates. But |r) is 
not a stationary state: it describes an electron that is at the point r with 
certainty. The Schrodinger wave function is the probability amplitude 

*l>Eim(r) = (r\Elm); (10) 

|i/f E/m (r)| 2 has the familiar probability interpretation. 

The totality {a} of all eigenvalues of an observable A is called the spectrum 
of A. In particular, {E} is the energy spectrum. A spectrum may be discrete, 
continuous, or both. When if is the electron in a Coulomb field, the energy 
spectrum is continuous for E > 0, and discrete for E < 0. The stationary 
continuum states describe scattering in a Coulomb field. The discrete states 
are the bound hydrogenic states. 

The continuous states have an infinite degeneracy, because the energy of a 
scattering state does not depend on the orientation of the incoming momen- 
tum, only on its magnitude. The discrete (bound) states only have a finite 
degeneracy, however. The lowest lying bound state is called the ground state. 

In constructing a complete set of n observables to describe states uniquely, 
proper attention must be paid to the uncertainty principle. If A and B are two 
observables that do not commute, their uncertainty product AAAB does not 
vanish, and they cannot be specified simultaneously. Consequently the set of 
observables used to specify states must be a commuting set. 

The stationary states form a complete set. By that one means the 
following: Let {|£tf)} be the stationary states, where a stands for all the 
eigenvalues apart from energy that are needed to specify the state vector 
uniquely; then any state can be written as some linear superposition of the 
stationary states. 

While the stationary states — and eigenstates quite generally — are cru- 
cially important, it should not be forgotten that such states cannot describe 
all physical situations. Nevertheless, a nonstationary state can be written as a 
linear superposition of stationary states, or, for that matter, in terms of any 
complete set. 

An important class of states occurs in collision theory. The evolving state 
vector |(K0) describes a projectile in a localized wave packet initially running 
toward the target, and after the collision, outgoing scattered waves. If the 
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wave packet has transverse dimensions large compared to the target, and a 
well defined momentum p, the collision probability can be computed with a 
stationary state, |^ p ). The latter belongs to the continuous spectrum of//. Its 
wave function <r|^ p ) is a superposition of a plane wave exp(/p«r) des- 
cribing the incoming projectile, and an outgoing spherical wave. 

(e) The natural system of units 

In particle physics it is convenient to use the total energy, including the 
mass energies of the constituents, instead of an energy measured with respect 
to that of the separated constituents, as is customary in atomic physics. It is 
also more convenient to introduce a special system of units. Instead of a 
system based on mass, length, and time, such as the cgs-system, we choose a 
system based on mass, action, and velocity. The units of the latter two 
quantities will be Planck's constant h, and the speed of light c; the unit of 
mass is left open. Since h and c appear to be fundamental constants, it is 
natural to express every quantity in these units. Here is a list of a few 
important quantities expressed in this way: 

energies in units of c 2 E = E'c 2 

momenta in units of c p = p'c 

lengths in units of h/c I = Vh/c 

times in units of h/c 2 t = t'h/c 2 (11) 

velocities in units of c v = v'c 

charges in units of (he)* e 2 = e ,2 hc 

angular momentum in units of h J - J'h 

All the primed quantities are either dimensionless, or some power of a 
mass. Energy and momentum (E f and p') have the dimension of a mass; 
length and time (/' and t') have the dimension (mass) -1 ; and velocity, charge, 
and angular momentum (v',e',J f ) are dimensionless. The electronic charge 
e' has the value (473-/137.04)* in these units.* From now on we omit the prime 
and use the new units in most instances. 

When using these units, we are still free to choose the unit of mass with 
which we desire to express quantities. This unit is conveniently chosen as the 
mass of a particle that is important in the problem, such as the proton, the 
electron, or the pion. 



2. Resolution of the Boltzmann paradox 

Quite generally, any system of interacting particles which is able to form a 
bound state — a state with less energy than that of its separated constituents at 
rest — can do so only with certain discrete values of energy. The states of such 

* We use "rationalized** units, because we shall have more to do with Maxwell's equations 
than with Coulomb's law. In rationalized units, the Coulomb potential is e 2 /4irr i but Maxwell's 
equations are free of 47r's; the energy density of the field is i(E 2 + B 2 ). 



14 I.B. NONRELATIVISTIC QUANTUM MECHANICS 

systems have well-defined properties, which depend on the nature of the 
particles and their interactions. 

A system in its ground state can be considered to be^endowed with fixed, 
unchanging properties as long as the energy exchanges with its environment 
are much less than the difference AE between the first excited state and the 
ground state. It then acts like an "elementary" particle with fixed properties. 
Among those properties we mention its spatial extension and symmetry, its 
angular momentum, and its magnetic and/or electric multipole moments. 
The system changes these properties only if it is excited to higher states; 
whenever it returns to the ground state the system regains the properties 
typical of that state. Thus quantum mechanics introduces a "morphic" trait 
into the description of nature, with characteristic shapes, patterns, and 
symmetries. The atomic world abounds in such characteristic forms, typical 
properties, and ever-recurring qualities — from the identity of all atoms of a 
given kind to the faithful reproduction of living species. 

Clearly, the Boltzmann paradox is resolved by the existence of discrete 
energy states. The states whose energies lie above the ground state by much 
more than kT cannot be excited when the system is in thermal equilibrium at 
the temperature T Thus the excitation of the internal dynamics at a given 
temperature is limited. The internal degrees of freedom of the atom which 
give rise to quantum states whose energy is much higher than kT above the 
ground state do not reveal their existence in thermal equilibrium. 

Another consequence of the discrete energy spectrum is that the quantum 
mechanical description of a system depends, in general, on the energy or tem- 
perature regime of interest. The wave function of a gas of N helium atoms at 
room temperature depends on 3iV spatial coordinates. Each atom behaves 
like an elementary particle fully specified by its coordinates. On the surface of 
a star, that would be an inadequate description, because atomic excitation 
and ionization are commonplace. The wave function must now specify the 
position of the helium nuclei, and of the electrons. Deep in that star's 
interior, nuclear reactions occur, and there the appropriate wave function 
must keep track of the protons and neutrons that constitute the helium nuclei. 
In short, the Hilbert space of a system if depends on the phenomena of 
interest unless, of course, if is "truly elementary." One of our major goals is 
to determine which objects, if any, still survive this criterion of element arity. 

The quantization of energy for bound systems disposes of many facets of 
the Boltzmann paradox. But as we saw in §A, there are also aspects of the 
paradox that concern the electromagnetic field itself. These, too, are resolved 
by quantum mechanics. The quantum theory of the electromagnetic field is 
certainly not part of nonrelativistic quantum mechanics, and we shall deal 
with it at length. Here we confine ourselves to stating some essential facts that 
will be established in §C and Vol. II, Chap. II. 

The stationary states of the electromagnetic field can be fully specified in 
terms of photons, or light quanta. Aside from the vacuum, which contains no 
photons, the simplest stationary states are those that contain one photon. 
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Such a state has a momentum p and energy E related by p = E(or pc = E 
when c =fi 1). The photon therefore moves like a particle of zero mass. The 
wave function of a one-photon state has a space-time behavior that is 
characterized by a wave number k and frequency a) that are related to p and E 
by the deBroglie relation: 

p = ftk, E = ha). (12) 

An arbitrary stationary state of the field is then specified by stating the 
number w k of photons of momentum k that are present (we now revert to 
natural units). The energy eigenvalue E tot of the field is then 

£tot = 2>k|k|. (13) 

k 

When the quantized radiation field is at thermal equilibrium at some 
temperature T, the numbers n k (T) are described by the Planck distribution. 

These properties of the quantized electromagnetic field remove the 
remaining classical paradoxes. When the temperature of an object is raised, 
ever higher states are excited, and these emit photons of higher energy, or, 
put classically, the object emits light of shorter wavelength. Consequently the 
color shifts from red to white, the latter being due to the tail of the Planck 
distribution when its peak lies above the visible. 



3. Rotations and angular momentum 

The physical properties of any isolated system if are independent of its 
orientation. This symmetry has many important consequences for the sys- 
tem's level structure, as well as in collision and decay processes. Formally this 
symmetry is expressed by using three operators J x ,J y ,J z , which are gener- 
ators of infinitesimal rotations about the respective coordinate axes. Oper- 
ators having precisely the same mathematical properties as the /'s occur 
throughout particle physics, even though they have nothing to do with 
ordinary space. An understanding of rotations at a deeper level than is 
customary in elementary quantum mechanics is therefore indispensable. 

The /, also have a profound dynamical significance: they are the operators 
that represent the angular momentum observables. (To be precise, hi is the 
angular momentum.) Indeed, it is generally true that the generators of 
infinitesimal geometrical transformations have such a dynamical role. The 
most familiar example is the linear momentum p, which is the generator of 
infinitesimal spatial translations. Its relation to translations is particularly 
transparent when if is a single particle, for then p l = -id/dx t , and the change 
of a function g(x t ) under a translation through e is just 8g = iep t g. 

The linear momentum generates an infinitesimal translation, no matter 
what if may be — whether it is a single electron, or a complex structure held 
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together by force fields. Angular momentum has the same universal relation 
to rotations, but it comes in many dynamical guises. In the case of the He 
atom, for example, each electron has its orbital angular momentum about the 
nucleus. But an electron at rest also has an angular momentum, called its spin 
or intrinsic angular momentum. 

The term "spin" tends to have a usage that is as slippery as the term 
"elementary particle," and for somewhat similar reasons. Usually it is meant 
to be the angular momentum of an "elementary" particle as seen in its rest 
frame. But occasionally we say that "the spin of the nucleus is |," even 
though we know that the nucleus is made up of neutrons and protons, which 
have both orbital and spin angular momenta. When this language is used, one 
is usually dealing with a phenomenon where the object whose "spin" is under 
discussion behaves as if it were an "elementary" particle. 

The bewildering array of angular momenta to which we have alluded does 
not, however, enter into the analysis of the properties of the operators // and 
their eigenstates. Because of their geometrical significance, these properties 
are universal — they do not depend on the nature of the system in question. 

(a) The rotation operators 

Let {|(A/)} be any set of states pertaining to if as seen by an observer using 
the coordinate frame F. Consider a frame F' rotated with respect to F. For 
each |i/f/) there exists a state |(/^') which, to the observer F', has precisely the 
same properties as |^) has when observed by F. When viewed from F, \^\) 
will be seen as a rotated replica of | i/r f ->. Therefore 1^/) and |^) are related by 
a unitary operator U: 

\*') = U\4>)- (14) 

U depends on the relative orientation of F and F f . If F' is obtained from F by 
infinitesimal rotations 8a, 8fi, 8y about the x-, y-, and z-axes, then 

U = 1 - i(J x 8a + J y 8£ + J z Sy). (15) 

If an observable A has an expectation value {\p\A\\p) that does not depend 
on the orientation of the arbitrary state |«/r), one calls A a scalar. Since, by 
hypothesis, (il/'\A\il/') = (i//\A\il/) f where |i//) is given by (14), it follows that 
for a scalar observable AU = UA. In particular, the Hamiltonian H of our 
isolated system must be a scalar, and from UH = HU it follows that 

[Jttf] = 0, (16) 

where i = x, y, or z. Furthermore, UH = HU also implies that if \^ E ) is an 
eigenstate of H, any rotated state U\\p E ) is also an eigenstate with the same 
eigenvalue E. 
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Equation (15) only holds to first order in the infinitesimal angles. If one 
goes beyond that and studies successive rotations F— » F' — > F", generated by 
the unitary operator U 2 Ui, one finds by a straightforward geometrical 
argument that U 1 U 2 ^ U 2 U l9 unless both rotations are about a common axis. 
These geometrical considerations show that the generators must satisfy the 
commutation rule 

UxJy\ ~ l h ( an d cyclic permutations). (17) 

As we have said, the structure of &* never enters into the derivation of 
(17); these commutation rules follow inexorably from the properties of 
three-dimensional Euclidean geometry. 

(b) Angular momentum eigenstates 

The actual form of the angular momentum operators depends on the 
nature of Sf, and on the choice of coordinates, but one rarely needs these 
explicit forms. 

Since the /, do not commute, a state can only be an eigenstate of one of the 
three operators. On the other hand, the operator 

is a scalar; hence it commute^ with all three /s. One therefore chooses as 
eigenstates of the angular momentum simultaneous eigenstates of/ 2 and, say, 
J z . These states are characterized by two quantum numbers; and m. They are 
defined by 

J 2 \jm)= 7(7 + l)|;m>, 

J z \jm) = m\jm)\ ^ ) 

j and m are either integer or half-integer, and the quantum number m runs 
from -j to +/ in unit steps: 

m = -j, -j + 1, . . ., +/ - 1, +y. 

Thus (/(/ + 1))* is the eigenvalue of the angular momentum,* and m is the 
eigenvalue of its z-component. The operators J x and J y have the following 
effect on the states \jm): 



(J x ± U y )\jm) = Jj{j + 1) - m(m ± 1) |ym±l>. (19) 

As expected, the coefficients on the right-hand side of (19) do not depend on 

* One often uses the abbreviation "angular momentum /," or "spiny." What is meant is the 
quantum number /. 
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the nature of the system. We shall use the following symbols for these 
operators which raise or lower m without changing j: 

J x T" IJ V ^ «/_i_ , 

,,-J,-,.-n. (20) 

All eigenstates of the Hamiltonian H of an isolated system must be 
expressible as eigenstates of J 2 and J z , since these two operators commute 
with //. The two operators (20) are combinations of rotations, and as we have 
seen, their effect on the eigenstates of the Hamiltonian must lead to states of 
the same energy. Hence the (2/ + 1) states with the same j are degenerate 
and form a multiplet of states of the same energy and the same angular 
momentum /. Each substate of a multiplet represents the same state but with 
a different orientation in space. The degeneracy of these (2/ + 1) states is an 
expression of their indifference to that orientation. The degeneracy is lifted if, 
say, a magnetic field is introduced, for then the spatial symmetry is destroyed. 

(c) Angular momentum j = 1: vectors 

We shall treat two angular momentum multiplets explicitly, the first being 
the/ = 1 triplet |lra), (m = 0, ± 1). Its behavior under rotations is identical 
to that of the ordinary real 3-vector, (V x ,V y ,V z ) = V. When rotated 
through 8y about the z-axis, the change of V is 

SV X = -V y 8y 8V y = V x 8y 8V Z = 0. (21) 

This rotation mixes x- and ^-components, but one can choose another basis 
for V so that a z-rotation does not produce such mixing. For this purpose 
define* 

V ±1 = TJ=(v x ±iV y ). (22) 

From (21) we see that 

8V ±1 = ±iV ±1 8y. (23) 

Now we compare this to the transformation of the j = 1 triplet, which we 
abbreviate by |ra), with m = ±1, 0. In the Hilbert space** % of these states 

* The factor (Tl) is a consequence of the phase convention adopted in (19). 

** Arbitrary linear combinations of the; = 1 triplet, with complex coefficients, constitute the 
three-dimensional complex vector space %, whereas the real vectors V span the Euclidean 
3-space % 3 , which is a subspace of %. Rotations are a transformation in % 3 . Consequently (15) 
does not generate the most general infinitesimal unitary transformation in ^ 3 . As we shall see in 
§3(e), in the special case of / = £ there is a correspondence between arbitrary unitary 
transformations in ^ 2 afl d spatial rotations. 
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the angular momentum operators are the matrices defined by (18) and (19): 

/0 V2 0\ / 0\ /l 0\ 

/+ = V2 /- = L/2 J z = \0 0. 

\0 0/ \ V^ 0/ \0 -1/ 

Using this in (15), with 8a = 5/3 = 0, the change of \m) is 

S|ra> = -U z 8y\m) = -im\m) 8y. (24) 

On comparing with (21) and (23), we see that the (V+ l9 V 29 and F_ x ) 
components of V transform precisely like the m = 1, 0, and -1 members of 
the y = l triplet, respectively. 

(d) Angular momentum j — \: spinors 

The simplest nontrivial angular momentum multiplet is the tym) doublet, 
with m = ±^. In the two-dimensional Hilbert space % 2 spanned by these 
states, the operators J t are 2 x 2 matrices. They are most conveniently 
expressed in terms of the Pauli matrices 

Ji = h*i. (25) 

From (18) and (19) one finds 

1\ /0 -A (l 



'*" i o "'" > o "" o-i ! <26) 



also 



o i\ 
o or 



o-_ = T (o- x - w„) = ^ J, 
and therefore J± = <r±. Their commutation rules are 



(27) 



= 1 0= j), 

cr x <r y = /cr 2 (and cyclic perms.). (29) 



(28) 



The properties (28) are specific to j - \, and do not apply to j > \. 

Any state in % 2 is a linear combination of the m - ±\ eigenstates, and is 
called a spinor. Spinors, in one guise or another, crop up in all parts of our 
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subject: in atomic, nuclear, and subnuclear physics. For that reason we shall 
discuss their properties in considerable detail. 

As basis vectors in % 2 we choose the m - \ and m = — J states, and call 
them \u) and \d), respectively, where u stands for spin "up" along the 
z-direction, and d for "down." They are eigenstates of a z : 

* z \u) = \u), * z \d) = -\d). (30) 

Since (u\u) = (d\d) = 1, and (u\d) = 0, we can also write them as 2- vectors: 

An arbitrary spinor |$) is then 

l<&> = c u \u) + cjrf>, (32) 

where the complex numbers c Uyd satisfy 

\c u \ 2 + \c d \ 2 = 1. (33) 

The raising and lowering operators ov have simple effects on the basis 
states: 

a+\d) = \u) cr + \u) = 0, (34) 

<r-\u) = \d) *-\d) = 0, (35) 

as one sees from (27). 

The behavior of spinors under rotation is of great importance. From (15) 
we know that a rotation can be represented by a 2 x 2 unitary matrix. 
Consider first an infinitesimal rotation 86 about the z-axis; from (15) and (25) 
we see that this is given by the matrix 

U = 1 - \iv z 80. (36) 

A finite rotation through 6 can be viewed as n successive rotations through the 
angle 6/n, and if n -* <*>, these are all infinitesimal. Hence this finite rotation 
is given by the matrix 

U(fl) = lim [1 - \i(T z (d/n)T (37) 

= exp(- iia z 0). (38) 

Since a z = 1, [see (28)], this can also be written as 

U(0) = cos \0 - ior z sin \0. (39) 
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Because space is isotropic, the choice of z-axis is arbitrary. We could just 
as well have rotated through 6 about an axis having an arbitrary orientation 
specified by the unit vector n. The generator of rotations is then n • J quite 
generally, and J = ^cr when / = i, where a = (a x ,o- y ,o- z ). Consequently the 
transformation of a spinor under the most general rotation, as specified by an 
axis and angle of rotation (n,0), is given by |$') = t/|4>), where 

U(h,0) = cos \0 - in • cr sin %0. (40) 

This matrix depends on three angles: 6 and the two angles that specify n. 
The arbitrary spinor |$), defined in (32), also depends on three real 
parameters, because the two complex numbers c u and c d are constrained by 
(33). It is therefore not surprising that |$) can always be written as some 
rotation applied to either one of the basis spinors \u) or \d). Conversely, for 
any |$) there always exists a spatial coordinate frame F such that |$) is either 
an "up" or a "down" spin state with respect to F's z-axis. (To prove these 
statements we merely apply U to, say \u), read off the resulting coefficients of 
\u) and \d), and equate them to c u and c d .) We may therefore call its spin 
direction the direction along which the arbitrary state |$) is an "up" state. 

The rotation matrix (40) has a remarkable property: If one rotates through 
6 = 2tt about any axis, i.e., returns to the original spatial coordinate system, 
one finds U = -1, not U = 1, as one would have expected! In other words, 
the state vector of ay = \ system is double-valued in ordinary 3-space, and 
returns to itself only after a rotation through 4it. That is why spinors do not 
arise in classical physics, where all quantities must be single-valued. In 
quantum mechanics, however, the overall phase of a probability amplitude is 
not observable, and spinors are therefore admissible. On the other hand, 
relative phases are meaningful, and this double-valuedness has been estab- 
lished* by studying the interference of two beams composed of y = \ particles 
(neutrons). One observes a maximum phase shift in two coherent neutron 
beams when the spin of only one beam is turned through 360° by means of a 
precession of the magnetic moment in a suitable magnetic field. A second 
turn by 360° reestablishes the original phase! 

(e) Two-level systems and the spin analogy 

If we reexamine our analysis of they = \ doublet, we will note that all that 
really mattered was that we were dealing with the two-dimensional Hilbert 
space % 2 . That \u) and \d) were angular momentum states was irrelevant, 
because all our results depend only on the fact that (32) is the most general 
state in % 2 , provided the restriction (33) is satisfied. This leads us to the 
following remark: 

Whenever a system (or subsystem) 5f can be described by just two orthogo- 
nal state vectors \a) and |/3), all observables pertaining to 5f can be put into 

* Werner (1980). 
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one-to-one correspondence with some linear combination of the Pauli matrices 
and the 2 x 2 unit matrix. This remark is exploited in several different 
contexts in particle physics, e.g., in isospin. The word "spin" crops up in 
these contexts because of the underscored statement. Put equivalently, to 
every unitary transformation in the space % 2 spanned by |a) and |/3) there 
corresponds a rotation in an Euclidean 3-space % 3 . If |a) and |jS) have nothing 
to do with angular momentum, the rotations in % 3 have nothing to do with 
ordinary spatial rotations. It should be stressed that this analogy to spin \ 
does not require that \a) and |/3) have the same energy; for that matter, even 
in the case of a "true" spin the levels can be split by a magnetic field. On the 
other hand, if the Hamiltonian H of 5f is invariant under "rotations" in % 2 , 
| a) and |/3) are degenerate. H has this property if it commutes with the Pauli 
matrices that act on % 2 - 

(f) The addition of angular momenta 

Let J (1) and J (2) be two dynamically independent, or commuting, angular 
momenta. They could refer to two distinct systems, such as the two electrons 
in the He atom, or to a single electron's orbital and intrinsic angular 
momenta. Frequently one needs the eigenstates of the total angular 
momentum 

J = J (1) + J (2) . (41) 

This is called the problem of angular momentum addition. 

The component angular momenta J (1) and J (2) provide us with a complete 
set of eigenstates {|/im 1 / 2 m 2 )}, which are products of the states \j\n%i) and 
|/ 2 ra 2 ). The sought-after states are some linear combination of this complete 
set. Note that the product states are simultaneous eigenstates of four 
operators: (J w ) 2 and J l z , for i = 1 and 2. The new states will be eigenstates of 
the four operators J 2 , J z , ( J (1) ) 2 , ( J (2) ) 2 , which commute among themselves, 
because ( J (/) ) 2 is a scalar, and like any scalar commutes with the total angular 
momentum. Consequently the new eigenstates also possess the quantum 
numbers j\ and y 2 ; they will be written as \j1J2jm), where j and m are the 
eigenvalues associated with J. Since J z = J z l) + J z 2 \ 

m = m 1 + m 2 . (42) 

All that remains unknown are the so-called Clebsch-Gordan coefficients 
OiWi/^^l/wz) in the linear transformation 

\J1J2jm) = 2 l/i^i72W 2 )</im 1 y 2 m 2 |/m) (43) 

m x m 2 

where the sum is restricted by (42). Given j\ and y 2 , the total angular 
momentum is constrained by the triangular inequality \j\ - j 2 \ ^ / ^ j\ + / 2 , 
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or 

7 = l/i - /2I, l/i - 72 1 + !> • • • , 7i + 7*2, (44) 

and of course m = -7, -7 + 1, . . . , 7. 

The simplest example of angular momentum addition is provided by 
7i = 72 = i- We shall discuss this case explicitly, as it arises frequently. 
There are altogether four states, \u x u 2 ), \did 2 ), \u x d 2 ), and \u 2 d x ), where 
\u t ) and \d t ) are the spinors (31), and the subscript 1 or 2 tells us to which 
angular momentum they refer. Obviously the "up-up" state has the eigen- 
value m - 1 of J z , "down-down" has m = -1, whereas the others are m - 
states. For any angular momentum/, no matter what its origin, all m values 
m = 7, m = 7 - 1, . . . , m = -7, must be present in the multiplet. Conse- 
quently \u x u 2 ) and \d x d 2 ) are 7 = 1 states. Some linear combination of the 
remaining states \u x d 2 ) and \u 2 d x ) must provide the m = partner of |«i« 2 ) 
and \d x d 2 ), leaving the other orthogonal combination that can only be 7 = 0, 
m = 0. This conforms with the general result (44). To determine these two 
m - states, we note that (19) tells us how to build ay = 1, m = state from 
y = 1, m = 1: we need merely apply the operator /_ to the latter. But 
/-_ = / ( i ) + /L 2) is symmetric in the labels 1 and 2. Since \u x u 2 ) is already 
symmetric, J^u^) a 1 1*1^2) + \u 2 d x ). The normalized y = 1 multiplet, 
often called the "parallel spin" states, are therefore 

|11) = |KiK 2 >, 

|10> = -i[|M2> + Mi>L (45) 

|1-1) = |^ 2 ). 

The j = m = "antiparallel" state must be orthogonal to 1 10), and is 
therefore 

|00> = -^[|M2>-|Mi>]- (46) 

If the dynamical system described by the states (45) and (46) has a 
rotationally invariant Hamiltonian H, it will have energy eigenstates that can 
be labelled by/ and m. The/ = 1 triplet will be degenerate, but in general the 
/ = singlet will have a different energy. Insofar as angular momentum is 
concerned, H has a very simple form. It can be some function of cr^ and cr^ 2 \ 
the Pauli matrices associated with the two independent angular momenta. 
Since H is rotationally invariant, it is only a function of (cr (1) ) 2 , (cr (2) ) 2 , and 
oM-oV>. But 

(a) 2 = 3 (47) 
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for any Pauli spin, as we see from (28), and is a pure number. Furthermore, 
(29) says that any product of Pauli matrices can be reduced to a linear 
combination of such matrices. Hence the most general'operator is only linear 
in Pauli matrices; (39) and (40) illustrate this. Consequently H has the general 
form 

H = A + B cr (1) • cr (2) , (48) 

where A and B are operators (or just numbers) that do not involve the cr's, 
but could, for example, depend on spatial coordinates. 

To evaluate the eigenvalues of the operator in (48), note that 

(J) 2 = \[<T^ + 0,(2^2 = ior (l) . a (2) + 3 ? 

where (47) was used; but the left-hand side is/(/ + 1) = or 2, and therefore 

1-3 (7 = 0) &>> 

The spectrum of H is therefore split by a term that depends on the total 
angular momentum, or equivalently, by a term that depends on the symmetry 
of the state under interchange of the constituents 1 and 2. 

What about combining three spinors? Here we will not go into as much 
detail as in the case of two. Suffice it to say that we can treat this case by first 
combining two, followed by one additional spinor. The first two give us states 
with angular momenta/ = 1 and 0. Combining the/ = 1 state with an angular 
momentum j - \ gives us / = f and \ ; combining / = with / = \ gives 
/ = \. Altogether we therefore get one J = $ state and two / = \ states: 
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4. Space reflection and parity 

Rotations are examples of continuous transformations, because any finite 
rotation can be viewed as an infinite sequence of infinitesimal rotations; recall 
Eq. (37). There are also discrete transformations; these cannot be built up by 
a succession of small steps. The most familiar discrete transformation is a 
reflection in a plane, say the x-y plane: 

(x,y,z) -» (x,y,-z). (50) 
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A reflection through the origin, 

(x,y,z) -» (-x,-y,-z) (50') 

is obtained from (50) by a rotation through 180° about the z-axis. It is 
therefore a matter of taste whether one uses reflection through a plane or the 
origin when one has rotational symmetry: both are transformations that are 
not equivalent to any rotation. 

We now address ourselves to the question of whether some set of physical 
phenomena imply that the underlying laws are reflection invariant. Note the 
distinction we have drawn between phenomena and laws. Most laws of 
physics have a high degree of symmetry, but allow motions that do not 
exhibit that symmetry. For example, the wave equation of acoustics is 
invariant under rotations, and yet a spherically symmetric sound wave is a 
rarity. For that reason it is often difficult to extract the underlying symmetry 
of a physical law from the phenomena it describes. A symmetric law implies 
sets of phenomena that are related to each other by the symmetry operation. 
In the acoustical example, the rotational in variance of the equation implies 
that if, say, there is a certain wave packet traveling in some direction, other 
packets exist that are identical in every respect except that they propagate in 
any other direction. 

Let us return to the problem of interest, reflections. Quite generally, a law 
of nature is said to be reflection invariant if the probability for any process 
equals the probability for the mirror image of that process. Application of this 
criterion will be found in §§D.4 and E.9(f). Here we illustrate it with an 
example from atomic physics. Take an ensemble of atoms, all in a definite 
excited state, and consider the angular distribution of the emitted radiation. 
This distribution will be anisotropic if the excited state is anisotropic, e.g., a 
definite substate m of ay ^ multiplet. If the laws that govern the structure of 
the atoms, and the emission of photons, are reflection or mirror invariant, the 
angular distribution must be such that it is unchanged if it is reflected in a 
mirror which leaves the excited state unchanged. For the state \jm) this is the 
case if the surface of the mirror is perpendicular to the z-axis, because a 
rotation in the x-y plane is unaffected by a reflection through that plane. 

The only laws of nature known to us which do not display reflection 
symmetry govern the so-called weak interactions. As the name implies, their 
effects are weak in our presently known realm of phenomena. If these 
"weak" effects are neglected, the mirror symmetry of all the other interac- 
tions gives rise to a quantum number called parity. 

We introduce a space reflection operator P which, when acting on any state 
|t/f), produces another state \if/') wherein all spatial coordinates are inverted: 
P\ift) = |i/f')- Since two reflections bring us back to the original state, P 2 = 1. 
Consequently P has only two eigenvalues, II = ±1. These eigenvalues are 
called the parity of the state in question. Eigenstates of P are called even or 
odd according to whether II = 1 or -1. 
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We will now show that when mirror symmetry holds, it is possible to 
ascribe a parity to stationary states. To put it more accurately, mirror 
symmetry implies that nondegenerate stationary states are necessarily eigen- 
states of P, while in the case of degenerate states, one can always choose an 
orthogonal set among the degenerate states such that they are eigenstates of 
P. Let \ift E ) be an eigenstate of H. Mirror symmetry requires P\^ E ) to be a 
state with the same eigenvalue E of H. If there is no degeneracy, P\\p E ) can 
only be the sole state \^ E ) itself, apart from an overall factor: 

P\*e) = «lfe>. 

Thus \\ft E ) is an eigenstate of P, and from our preceding argument, the 
eigenvalue a = II = ±1 is its parity. If the level E is degenerate, P\\p E ) can 
be a different state vector from |i/f E ), but we can then form the two 
combinations 

l*i> = ^(lfe>±p]fe>), (5i) 

each of which is an eigenstate of the same energy E. Clearly \ifi E ) has parity 
+ 1, and \\fj E ) has parity -1. Hence we conclude that when mirror symmetry 
holds all stationary states can be chosen to have a definite parity. 

As an example, consider the eigenstates of two interacting particles 
without spin in field-free space, with their center-of-mass at rest. The wave 
function then depends only on their separation x. The dependence on the 
orientation of x is expressed by a spherical harmonic Y /m (0,<£), where / is the 
orbital angular momentum. The parity operation changes the polar angle 6 
into it - 0, and the azimuth (f> into <j> + it. But Y lm {ir - 0,0 + it) = 
(-i) l Yi m (d,<l>), and therefore the parity is (-1)'. 

The parity is a multiplicative quantum number. If a system if is composed 
of two systems if t and if 2 > having the parities U t and II 2 , the parity II of the 
combined system is II = II x • II 2 . This is seen as follows. If if x and if 2 are far 
apart and noninteracting, the state vector describing the combined system is 
the product of the states of if x and if 2 . Then the rule is obvious. If mirror 
symmetry holds, the parity remains the same in any dynamical process that 
brings the two subsystems together. 

Most quantum numbers are not multiplicative. For example, the electric 
charge, or the "baryon number," which will be introduced later, are additive 
quantum numbers. Evidently the total charge and the total number of 
baryons when two bodies are combined is the sum of these numbers in each 
separate entity. 

So far, we have talked of parity as a quantum number associated with the 
spatial wave function that describes a system of particles. We have not 
assigned any parity that is intrinsic to these constituents. Is there such a thing 
as an intrinsic parity? That there is can be seen from the following example. 
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Consider two different spin zero states of the He atom. The first, |^), has 
both electrons in the lowest s orbit, giving no orbital angular momentum L, 
and their spins antiparallel to total spin S = 0, and therefore / — 0. The 
other, |i/f p ), has one electron in a p orbit (/ = 1), the other in the lowest s 
orbit, giving L = 1, and the two spins parallel, so that S = 1; L and S are 
then coupled to give / = 0. The parities of these states are Il s = +1, and 

n p = -l. 

These two / = states |(/^) and |i/^) are examples of what are called 
scalars and pseudoscalars, respectively. A scalar is a quantity, like tempera- 
ture or pressure, that does not depend on the orientation of the coordinate 
system, and is also reflection invariant, whereas a pseudoscalar shares this 
orientation invariance, but is odd under reflections. 

A similar distinction applies to vectors. There are polar vectors, such as the 
position, the linear momentum, and the electric field E, which change sign 
under reflection, and axial vectors, like angular momentum and the magnetic 
field B, which do not change sign. Consequently E • B is an example of a 
pseudoscalar. One can also form the pseudoscalar a • (b x c) from three polar 
vectors. 

We return to our helium example, and consider two distinct states in which 
the center of mass motion of the He atom is described by the same wave 
function #(R)- In the first the He atom is in the internal state \i// s ); in the 
second, it is in the internal state \ift p ). If we think of \^ s ) and \^ p ) as 
elementary particles of spin zero, we see that even though their motion is 
described by identical wave functions *, they have different properties when 
spatially reflected. Hence the "intrinsic" parities II^ and II p are physically 
meaningful. 

That being settled, one must ask how one is to determine the intrinsic 
parity of an object whose internal structure is unknown to us, and which may 
actually have no such structure. In atomic physics this question is easily 
answered, but in nuclear and particle physics it becomes a subtle issue to 
which we will return from time to time. 

In any atomic process the total number of electrons, and of nuclei of 
various sorts, remains unchanged. Only the photon number changes. We 
consider only the most important example, where one photon is emitted or 
absorbed; the generalization to multiphoton processes is straightforward. 
The parity of the initial (or final) state is composed of three factors: (1) the 
product of all the intrinsic parities of the electrons and nuclei; (2) the orbital 
parity of the electronic wave function 11, (or 11/); (3) the parity U y of the 
emitted or absorbed one-photon state. Reflection invariance required the 
product of these three factors to be the same for the initial and final states, but 
the factor stemming from the intrinsic parities of electrons and nuclei is 
common, and drops out. In short, the intrinsic parities of electrons and nuclei 
are arbitrary in atomic physics. What parity conservation does require is 

iyi/=n 7 . (52) 
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If the photon were a particle with non-zero mass, U y would be the product 
of the photon's intrinsic parity, and the parity of its orbital wave function. 
But for a zero-mass particle, there is no clear-cut separation into orbital and 
intrinsic motion. Nevertheless, there is a simple solution to our problem, for, 
as we shall see in §11. A (Vol. II), there is a one-to-one correspondence 
between the wave functions of one-photon states, and the solutions of 
Maxwell's classical equations. In particular, the one-photon wave functions of 
definite total angular momentum and parity are identical to certain electric or 
magnetic multipole fields. Of these the most important are the electric and 
magnetic dipole fields, designated by El and Ml, for which II 7 = -1 and +1, 
respectively. 



5. Fermions and bosons 

One of the most important symmetries arises from the indistinguishability of 
particles of a given kind. For example, all electrons are completely identical 
in their properties and behavior. The dynamics of any system must be invari- 
ant under the interchange of one particle by another of the same kind. Quan- 
tum mechanics offers two possible realizations of this invariance. Since two 
successive interchanges of the same pair reestablish the original state, the 
only change in the state vector that one interchange can cause is multiplica- 
tion by +1 or — 1. Consequently the state of N identical (or indistinguish- 
able) particles is either symmetric or antisymmetric under the interchange of 
any pair. Particles described by symmetric states are called bosons, those 
described by antisymmetric states fermions.* 

Nonrelativistic quantum mechanics provides no clue as to whether a 
certain type of particle is a boson or fermion — this decision is left to 
experiment. We know experimentally that photons and 7r-mesons are bosons, 
and that electrons, protons, and neutrons are fermions. We also know that 
these bosons have integer spin (1 for the photon, zero for the pion), whereas 
all these fermions have spin \. Quantum field theory shows that this is no 
accident (see §C6). 

In many cases the state of a system of fermions is reasonably well 
described by the approximation that the constituent particles move inde- 
pendently of each other, and can therefore be considered to occupy single- 
particle states. Under this circumstance antisymmetry is equivalent to the 
requirement that not more than one fermion of the same kind occupies a 
given single-particle state, i.e., to the Fault Exclusion Principle. 

Another consequence of the antisymmetry of many-fermion states is that 
two identical fermions (for example, two electrons with the same spin 
orientation) cannot be found at the same spatial point. Since the relative 

* These names refer to the statistical properties of an ensemble of many particles: ensembles 
of fermions are described by Fermi-Dirac statistics, of bosons by Bose-Einstein statistics. 
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momentum p is determined by the rate at which the wave function changes 
with separation, two identical fermions tend to stay away from each other at 
distances of the order of 1/p or larger. For bosons the opposite occurs. 

It can easily be shown that a bound system of n fermions is itself a fermion 
if n is odd and a boson if n is even. This determines the statistics of atomic 
nuclei, which are bound systems of protons and neutrons. If the number of 
these constituents is odd, the nucleus behaves as a fermion; if even, as a 
boson. However, these statements are only true if the constituents remain in 
their ground state; should some constituents become excited, they would no 
longer be identical to those that are un excited. 

6. The electromagnetic nature of atomic phenomena 

The most important consequence of the application of quantum mechanics to 
atomic systems is the recognition that all properties of atoms, molecules, and 
their aggregates, can be understood by assuming that an atom is a system 
consisting of a nucleus small compared to atomic dimensions with a charge 
Ze, and of Z electrons, each of charge -e, with the interaction between these 
constituents being solely due to the electromagnetic fields produced by the 
charges. This dynamical problem is simple in principle; it requires only non- 
relativistic quantum mechanics since the resulting velocities are, in gen- 
eral, much smaller than c. It is not simple in practice because the treatment 
of many particle systems presents many difficulties, some of which are not yet 
overcome. Nevertheless, we are certain that all the interatomic and inter- 
molecular forces listed in §A are manifestations of the electromagnetic 
interactions between the constituents, among which the electrostatic attrac- 
tion or repulsion (Coulomb force) plays the dominant role. Since almost all 
natural phenomena that we observe in our terrestrial environment (including 
life) are due to interactions between atoms, we conclude that these phe- 
nomena are all consequences of the electromagnetic interaction between 
nuclei and electrons, and of quantum mechanics. 

That electrons are fermions plays an absolutely crucial role in atomic 
physics, and ipso facto, in everyday life. The shell structure of atoms, and the 
associated periodic table of chemistry, are consequences of the Pauli princi- 
ple. Bulk matter (and biological systems) could not exist in anything like the 
forms that we know were it not that electrons obey Fermi-Dirac statistics. 

The energy spectra and bound state wave functions of atoms depend on 
only three parameters: the pure numbers Z and a , and the electron mass m . Z 
was just defined, and a is the fine structure constant 

a = ^ == l37 ; (53) 

a is the crucial parameter that governs all electromagnetic phenomena when 
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quantum effects are significant. All energies can be expressed in units of 

m - 0.511 MeV, ' (54) 

and lengths in units of the electron Compton wavelength 

— = 3.86 x 10" 11 cm. (55) 

m 

The nuclear mass is so large compared to m that it hardly plays a role in 
atomic structure. 

The size of the hydrogen atom can be estimated by writing the energy in 
terms of the momentum and position uncertainties: 

Since Ap ~ 1/Ax, we can consider this to be a function of Ax alone, and after 
minimizing we find that Ax is 

a = — = 0.529 x 10" 8 cm. (57) 

am 

This is the Bohr radius; it is the rough characteristic dimension of most atomic 
states. 

According to (56), the characteristic binding energy is 

a 1 
Ry = — = -ma 2 = 13.6 eV, (58) 

2a 2 

and is called the Rydberg. All low-lying atomic excitations, which involve 
only electrons in the outermost shells, are of order Ry. As one sees from (58), 
the characteristic atomic velocity is a. 

In the units that we shall use, the ground state of hydrogen has the energy 



E H — M -\- m — - ma 2 



1 
2" 



where At = 1836m is the proton mass. 

Atomic dimensions are very large compared to the electron's Compton 
wavelength, and atomic binding energies are far smaller than the electron's 
mass. These are the characteristics of a nonrelativistic system. In general, a 
system that is large compared to the Compton wavelength of its constituents has 
binding energies small compared to their rest masses, and nonrelativistic 
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internal velocities. We shall exploit this important fact on several occasions. 
Its proof only requires the uncertainty principle and the virial theorem. The 
characteristic size R determines the characteristic velocity to be v ~ 1/Rm, 
so v < 1 if R is much larger than the Compton wavelength m" 1 . According to 
the virial theorem, the mean total and kinetic energies are of the same order 
of magnitude, and therefore E ~ mv 2 < m since v < 1. Q.E.D. 

An isolated atom or molecule emits a photon y spontaneously when it is in 
a state above the ground state, and ends up in a lower state. The energy a) of 
the photon is equal to the energy difference AE between the states. The 
inverse transition occurs when a suitable photon is absorbed.* Quantum 
mechanics describes these processes as resulting from the coupling of the 
electric charges of the particles with the electromagnetic field. 

The wavelength A = Itt/w of photons emitted by atoms — or by any 
nonrelativistic bound state — are long compared to the dimensions R of the 
emitter. This follows from our previous conclusion that for such a system 
R > m" 1 . If we define X = A/2tt, we have K/R = 1/R/HE, and AE ~ 1/mR 2 , 
which gives K/R ~ Rm — 1/v > 1. The radiation field of a nonrelativistic 
emitter can therefore be expanded in powers of the small parameters v and 
R/K, which is also of order v. This is called the multipole expansion; the first 
two terms are the electric (El) and magnetic dipole (Ml) fields. Most visible 
atomic transitions are El. 

Angular momentum and parity conservation play an essential role in de- 
termining the character of a radiative transition. In emission, for example, the 
initial angular momentum /, of the atom must be shared between that of the 
photon, J y , and of the final atomic state, Jf. Consequently (44) must be 
satisfied: 

\J f -J y \^J^J f + J y . (59) 

In §C2 we shall learn that a one-photon state with J y = does not exist. 
Hence there are no electromagnetic one-photon transitions between spin zero 
states. 

The one-photon states corresponding to dipole fields have J y = 1. In the 
case of dipole radiation (59) therefore reduces to the selection rule 

A/ = or 1. (60) 

In §4 we derived the parity conservation law (52). The photon parities are 
-1 and +1 for El and Ml radiation, respectively. Consequently (60) must be 
supplemented by 

n,~n,(«), 

11, = % (Ml). 

* Emission and absorption of two or more photons in one transition are possible, but the 
probability of this is very small. 
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The angular distribution of the emitted light depends only on the angular 
momentum quantum numbers of the initial and final states. When the 
direction of the initial and final angular momentum is randomly distributed, 
the distribution is necessarily isotropic. 

The lifetime r of excited atomic states is finite, since they emit light. This 
gives rise to a finite width T = 1/rof each excited state. The coupling of the 
electron's motion with the radiation field allows one to calculate these widths. 
They are of order fa 3 Ry, where the numerical coefficient /is of order one for 
the most common electric dipole transitions. 



7. Free particle wave functions 

Let if be any isolated object that is not subjected to forces. It may be consid- 
ered "elementary," like the electron, or we may know that it is a complex 
atom or nucleus, if is specified by its nature (electron, proton, atom, nucleus) 
and by the state in which it happens to be (e.g., the third excited state). This 
information includes its energy when it is at rest, that is, its mass M. In order 
to completely describe the state of if, four more quantum numbers are 
needed. Three of these quantum numbers are eigenvalues of observables that 
are familiar from classical mechanics: they can, for example, be the position r 
of the objects center of mass, or, as in Eq. (62), its total momentum p. 

The fourth quantum number describes the orientation of the system's 
intrinsic angular momentum s — the spin. As long as we are concerned with 
nonrelativistic phenomena, we can use the definition of intrinsic angular 
momentum given on p. 16, i.e., the angular momentum observed in the rest 
frame F of if. The state of such a freely moving system is then represented by 

(A m (p;rf) = \sm) exp[/(p • r - Et)], (62) 

where \sm) is an angular momentum state as defined by (18) with s = /', and m 
is the projection of s along the z-axis of F . The value of s, the spin of the 
system, is one of the fixed properties of if, like its electric charge, and as it is 
not a variable, it is often supressed. 

The simplest case is s = 0. In that case, (62) is often called a scalar wave 
since \sm) = |00) transforms like a scalar. Under a spatial rotation such a 
state behaves just like an acoustical wave.* 

The other case that is familiar to us is s = 1, because we have already seen 
that the three 5 = 1 states transform like a 3-vector. For that reason one can 
call (62) a vector wave when s = 1. It has three components. Elastic waves in 
a noncrystalline solid are an example. Electromagnetic waves (photons) are 
also an example, but as they are only transversely polarized, they are a very 

* In carrying out a rotation of the one-particle state (62), one must remember that the 
momentum p is also to be rotated, not just the spin state. 
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special type of vector wave. Further discussion of the photon will be found in 
§C2. 

The third important case is spinor waves, when s = \. Nature provides us 
with many s = \ particles, and spinor waves are therefore of considerable 
importance. 

Intrinsic angular momentum can also be defined without going to the rest 
frame of if. We will need such a definition for relativistic situations, especially 
when if has no mass (e.g., a photon) for then there is no rest frame. 
Therefore we need a frame-independent definition of spin. This is provided 
by the helicity operator A, which is defined to be the projection of the total 
angular momentum J along the direction p of the linear momentum: 

A = J • p. (63) 

The eigenvalues h of A are called the helicity. The spin s of if turns out to be 
the largest eigenvalue h max . This can be seen as follows. The orbital part L of 
J does not contribute to A, because L is always perpendicular to the 
momentum; hence A = s • p. To evaluate the eigenvalues h, we observe that 
A generates rotations about p. Lorentz transformations along an axis, and 
rotations about that axis, commute. Hence A is unchanged by a transforma- 
tion along p to a frame F in which the particle moves slowly.* But 
nonrelativistic quantum mechanics is applicable in F, whence h = s, 
s - 1, ... , s. 

Note that A is a pseudoscalar, i.e., invariant under rotations, but odd 
under reflection. Consequently h can be specified simultaneously with / 2 , 
while h-* —h under reflection. 

Finally, we point out that the, product form (62) only holds for non- 
relativistic motions. When v is comparable to c, it is still possible to write the 
wave function as a product of exp[/p • r] with another factor that describes 
the spin, but the spin function then depends on the momentum as well. This is 
actually familiar from classical electrodynamics. A running plane wave is 
described by the vector potential 

A = A £ k exp[i(k • r - art)], (64) 

where e k is a polarization vector perpendicular to the direction k of 
propagation. Thus i k plays the role of \sm) in (62), yet it "knows" the 
momentum k, as it is always perpendicular to it, whereas \sm) in (62) is 
independent of the momentum. 



* Obviously, this argument does not apply to massless particles like the photon. 
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/. Field operators 

Quantum field theory is the basic conceptual tool of particle physics. It is 
quite natural that this should be so, for particle physics is concerned with 
phenomena where the quantum of action and the finite speed of light both 
play an essential role. Already in classical physics the finite speed of signal 
propagation leads inexorably to the field concept — that is, to an infinite 
number of dynamical variables that extend throughout space-time. Hence 
one must expect quantum mechanical operators that are counterparts of 
classical fields to play a central role when the principle of relativity is imposed 
on quantum mechanics. 

The objects considered to be particles in classical physics require a 
drastically different approach in relativistic quantum mechanics: they also 
acquire an indefinite number of degrees of freedom. Particles are produced 
by electromagnetic interactions, as in yA — > Ae + e~, where A is some nu- 
cleus, and also in /3-decay (see §D.3). A quantum theory of electrons, and 
other particles, must therefore be able to account for their appearance and 
disappearance, just as the quantum theory of electrodynamics must account 
for the creation and destruction of photons. In both cases, a physical process 
can cause a change in the number of degrees of freedom, and the state vectors 
of the system must therefore be essentially different from those that are used 
in nonrelativistic quantum mechanics. 

The rather drastic measures that are called for if one is to transform 
quantum mechanics into a relativistic theory can be glimpsed from the 
following consideration. In nonrelativistic quantum mechanics, the time tis a 
parameter; it is not the eigenvalue of an observable. The coordinates x t and 
momenta p l of a particle are operators that satisfy the commutation rule 

[Xi,Pj] = ify. (1) 

From (1) it can be shown* that if x t has the continuous spectrum (- 00 , 00 ), so 
does pi . If we wish to amend quantum mechanics so as to conform to the 
principle of relativity, it is natural to generalize r = (xi,x 2 ,x 3 ) to an operator 
that represents the position 4- vector, whose time component is the operator 

* See, for example, Dirac (1958), § 23; and Gottfried (1966), § 29. 

34 
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f op , and p to the momentum 4-vector, whose time component is the 
Hamiltonian H. If (1) is to be a portion of a covariant set of laws, it would 
have to be complemented by the commutation rules 

['op,#] = "/, (2) 

[x i9 H] = 0, (3) 

&ap,pj = 0. (4) 

The sentence following (1) tells us that if the ordinary time t is to be the 
eigenvalue of f op , with the continuous spectrum (- 00 , 00 ), then (2) will also 
require the energy spectrum to be continuous from -°° to °°! Equation (3) 
says x t - 0, and that the energy and position can be measured simultaneously 
with arbitrary precision. Obviously this attempt at a relativistic version of 
quantum mechanics fails disastrously. 

How is one then to treat the space and time coordinates on an equal 
footing? Given that one cannot promote the time to the status of an operator 
on a par with the coordinates, one can try another option: to demote the 
coordinates to the same status as time — to a set of parameters. The 4-vector* 
of parameters x = (f,r) can then be used to label operators, just at t labels 
operators in the Heisenberg picture [§B.l(b)]. 

An operator A (x) parameterized by a space-time position is, by definition, 
a field operator. In quantum field theory, every point in the space-time 
continuum is endowed with such field operators. Whether or not a particular 
operator is dynamically significant in some space-time region is determined by 
the state of the system. As in ordinary quantum mechanics, the state in 
question is, at least in principle, determined by the manner in which the 
system was prepared — e.g., a 4 MeV antineutrino incident on hydrogen, 
in which case the state will evolve a component containing a positron and 
neutron (see §D.4). 



2. The quantum theory of the electromagnetic field 

The oldest, best understood, and most thoroughly tested quantum field 
theory is quantum electrodynamics (QED). It has two essential ingredients: a 
quantum theory of the electromagnetic field, and a relativistic quantum 
theory of the point sources of that field. This theory is among the most 
successful in the history of physics. Its predictions have been verified to a 
precision comparable to those of planetary dynamics. 

The quantum theory of the electromagnetic field must contain Maxwell's 
theory, in the same sense as ordinary quantum mechanics reduces to New- 
tonian mechanics under appropriate circumstances. Another requirement 
follows from the usual Ap^q uncertainty relations satisfied by the sources of 

* We use the notation V = (V ,V 1 ,V 2 ,V 3 ) for 4- vectors. The Lorentz invariant product of V 
and W is V • W = V W - V • W. 
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the field: the electromagnetic fields E and B emanating from the sources must 
have well-defined restrictions on their measurability, otherwise knowledge of 
these fields could be used to violate the lower bound on A/?A# of a particle. 
This shows that E(x) and B(x) must be noncommuting operators, and that 
their uncertainty products A£ / (jc)A5y(jc') must be such as to guarantee 
ApAq ^ 1. It can be shown* that this requirement essentially determines the 
commutation rules satisfied by the operators E and B. 

In order to guarantee the classical limit, the Hamiltonian of the quantum 
theory is taken to be the same function of the field operators E and B as the 
total energy in the classical theory: 

/f = H{|E(r,OP + |B(r,0| 2 W 3 r. (5) 

Consequently, the equations of motion satisfied by the quantum fields E and 
B are just Maxwell's equations. 

Despite this formal similarity between the classical and quantum theories 
of the radiation field, the latter is a far richer construct, because in the 
quantum theory one must consider the state vectors in addition to the 
dynamical variables. As already mentioned in §B.2, any eigenstate of (5) is 
specified by the number of photons n kh of momentum k and polarization h 
contained in it.** The energy eigenvalue is then given by Eq. B(13). The 
ground state is the vacuum, |ft), for which n kh = for all k and h. 

There is an analogy between E and B on one hand, and the amplitude q of 
a quantum oscillator on the other. The expectation value of q vanishes in the 
eigenstates of energy, as do the expectation values of E and B in the 
eigenstates of (5). An eigenstate of q has no definite energy; by the same 
token an eigenstate of E (or B) does not contain a definite number of 
photons! Thus quantum field theory accommodates both the continuum (E 
and B) and corpuscular (photon) descriptions of electromagnetic phenomena. 
These are complementary descriptions, just as position and momentum 
provide complementary descriptions of a point particle's motion. 

To give the reader a more concrete feeling for the field operators, we 
present, without proof**, some of their matrix elements. Again we drawn on 
the analogy between the oscillator and the fields. The operator q has 
nonvanishing matrix elements {n\q\n') only between states that differ by one 
unit of excitation, n' = n ± 1. In an analogous fashion, the field operators 
only have matrix elements between stationary states that differ by one 
photon. The most important elements are the ones between the vacuum state 
|ft), and the one-photon state, which we designate by \kh): 

<fl|E(r,f)M> = Ni kh exp[/(k • r - wt)], (6) 

* See Appendix IV (Vol. II) and Gottfried (1966), §§3 and 53. 

** The statements made in this and the following paragraphs will be proven in Vol. II, §11. A. 
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<n|B(r,r)|kA> = iN(k x s k/ ,)exp[/(k • r - a*)], (7) 

where e kh is a unit polarization vector, and N is a normalization factor. 
Equations (6) and (7) show that these matrix elements have the form of 
classical electromagnetic waves. These equations imply that the operators E 
and B can destroy a photon. There are also matrix elements for the inverse 
process, wherein a photon is created out of the vacuum, as in 

<kA|E(r,0|ft> = Ni kh exp[-/(k-r - cor)]. (6') 

We infer that there are two independent polarization vectors, in corre- 
spondence with classical electrodynamics. If we choose these to be the right- 
and left-handed circular polarizations, the vectors are 

1 
4±i = j= (x ± if), (8) 

where x and y are unit vectors in the plane perpendicular to the propagation 
direction k. On comparing with Eq. B(22), we see that they transform under 
rotations about the axis k like states having the projection of angular momen- 
tum J • k equal to 1 or -1. According to the definition of helicity, Eq. B(63), 
we see that* the photon has helicity h = ±1, but never h = 0. The absence 
of h = is simply the familar fact that there are no longitudinally polarized 
electro-magnetic waves. 

According to our definition of the spin as the maximum helicity (recall §B.7), 
the photon is a spin one particle. But 'the nonexistence of the h - 
state means that the photon's intrinsic angular momentum is not a conven- 
tional angular momentum. This is not a paradox, since the massless photon 
can never be viewed in a rest frame. If one amends Maxwell's equations so 
that their quantized version has massive quanta, one finds that there is a 
h = state, and then this "photon" has a conventional intrinsic angular 
momentum.** 

Because there is no state with helicity zero, it is impossible to build a 
one-photon state with vanishing total angular momentum by combining one 
unit of orbital angular momentum with the photon's spin to give 7 = 0. 
Consequently, a spherically symmetric one-photon state does not exist — a 
fact already exploited in §B.6. 

The multipole fields are one-photon states having a definite parity and total 
angular momentum /. Electric and magnetic multipoles of order V are, 
respectively, symmetric or antisymmetric linear combinations of states with 
h - + 1 or -1, and angular momentum /. 

* Any linear combination of h = 1 and -1 is also allowed; in general such a combination is 
elliptically polarized. 

** This remark plays an important role in the theory of weak interactions. See Chap. VI 
(Vol. II). 
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3. The Dirac theory of spin \ particles 

The Dirac equation for the electron was intended to be a relativistic gen- 
eralization of the Schrodinger equation — in short, a one-particle theory. At 
one time it was thought to "explain" the spin s = \ of the electron, but we 
now know that this is not so. Equations of the Dirac type can be constructed 
for any s. At this time we have no understanding of the remarkable fact that 
the fundamental fermions of particle physics (electrons, neutrinos, quarks, 
etc.) all have spin \. 

By treating the Dirac equation as if it were a one-particle equation, one can 
account for a variety of important facts; the magnetic moment of the electron, 
and the fine structure splittings in the hydrogen spectrum, are the outstanding 
examples. But the theory, when so interpreted, soon runs into paradoxes. All 
stem from the fact that the e quation for a free particle not only has solutio ns 
with energy E = Jp 2 + m 2 , as it should, but also with E - -Jp 2 + m 2 . If 
one discards the negative energy solutions, one does not have a complete set 
of stationary states, and that leads to violations of the causality principle (see 
§6). If one keeps the negative energy solutions, the hydrogen atom "ground 
state" is very unstable against decay into negative energy states. 

The resolution of these paradoxes can be phrased in two equivalent ways. 
By taking advantage of the Pauli principle, one can assert that the vacuum is 
that state where all negative energy levels are singly occupied by a "sea" of 
electrons, just as the electrons in an insulator completely fill a conduction 
band.* Excited states are then formed by placing electrons in positive energy 
states, and/or lifting electrons from negative to positive energy states. In the 
latter case one leaves a "hole," which behaves just like an electron except 
that it has the opposite charge. This is the positron, designated by e + . 

The second, equivalent, interpretation of the Dirac equation asserts that 
the solution i^(rr) of the equation is not a number, but a field operator like E 
and B. Once again, matrix elements of if/ with the time-dependence 
exp(-/|E|f) represent the destruction of a particle with energy E > 0, as in 
Eq. (6), whereas matrix elements having the time-dependence exp(*|E|f) 
describe the creation of a particle with energy E > 0, in analogy with (6'). 
But in this case there is a fundamentally new feature, because the electron 
carries charge, whereas the photon does not, so if the word "particle" in the 
foregoing sentence were to refer to the electron in both instances, the 
operator if/, when acting on a state of definite charge Q, would produce a 
superposition of states with charges Q + e and Q — e. As we shall learn in 
§11. A (Vol. II) and Appendix IV, the principles of charge conservation and 
relativistic invariance lead to the requirement that any field operator, such as 
if/, must produce a state of well-defined charge when acting on any such state. 
Consequently the particles that are destroyed and created by if/ cannot be 

* The total charge of the negative energy "sea" is disregarded in this description, whereas in 
insulators the charge of the electrons is compensated by the positive ions. 
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identical; indeed, they must have equal but opposite charge. Hence the 
existence of the electron implies the existence of the positron. 

To summarize, the solution if* of the Dirac equation, when interpreted as a 
field operator, destroys electrons or creates positrons; its Hermitian adjoint 
tf creates electrons or destroys positrons. With this interpretation the theory 
can, in a consistent manner, account for pair creation and destruction without 
invoking the concept of a negative energy sea. If the Dirac field is in the 
presence of a fixed charge +e, the matrix element of ifs(rt) between the 
vacuum and one-electron states defines a "wave function" that provides a 
relativistic description of the hydrogen spectrum. 

The prediction of the existence of the positron and, quite generally of 
antimatter, was a historic triumph. The symmetry between matter and 
antimatter that it revealed is one of the constant themes of particle physics. 

In any event, whether one uses the language of "hole" theory, or of field 
theory, it is clear that the Dirac equation describes a system with an infinite 
number of degrees of freedom. That is to be expected from the argument of 
§1. 

4. Interactions 

We have briefly discussed free photons, electrons, and positrons, but all 
observable phenomena are due to interactions. In quantum electrodynamics 
(QED) the interaction is a term H em in the Hamiltonian, adapted from classical 
electrodynamics, which involves the electromagnetic and Dirac field operators: 



H em = I j • A d 3 x, (9) 

where A is the vector potential (i.e., B = V x A), and j is the current due to 
electrons and positrons. This current is a bilinear form in the electron-positron 
field operators \fj and if/ [see §11. A. 3 (Vol. II)]. The operator A creates and 
destroys photons, just as the field-strength operators E and B do; the bilinear 
form $ ^either changes the state of an electron or positron (when both if/ f and 
if/ act on electrons or positrons, respectively), or produces or annihilates an 
electron-positron pair (when one factor in j acts on electrons, while the other 
acts on positrons). Thus H em has matrix elements that allow the following basic 
transitions: 

e~ <r> e~y (10a) 

e + ±* e + y (10b) 

e + e~ ±* y (11) 

Because H em is Hermitian, the amplitude for any transition a -* b is the com- 
plex conjugate of that for a *-b. Symmetry between electrons and positrons 
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requires that the matrix elements for (10a) and (10b) have the same absolute 
value. 

The translation invariance of H em implies that the total linear momenta on 
both sides of (10) or (11) are equal. There is no such condition on the energy. 
Indeed, were one to demand energy and momentum conservation, one would 
find that all the processes in (10) and (11) are forbidden. This must be so, 
otherwise free electrons would radiate, free photons would materialize into 
pairs, etc. In short, (10) and (11) are only ingredients, or subprocesses, in any 
actual process, as we shall soon see. 

An intuitively appealing depiction of the manner in which the subprocesses 
(10) and (11) combine to form an actual process is provided by Feynman 
diagrams. How the diagrams emerge from the source-field interaction oper- 
ator H em , and to what extent one can ascribe a physical reality to the 
diagrams, will be discussed in §11. B (Vol. II). But even before one 
understands all that, one should not be afraid to use the diagrams as a 
conceptual aid in visualizing and analyzing a process. 

Feynman diagrams have two types of building blocks: vertices and propaga- 
tors. A vertex describes a fundamental transition due to the interaction in 
question. In the case of QED, these transitions are given by (10) and (11), 
and are represented by the vertices 





■ e y 



e y- 



e y 



(12) 





e^y-* e 



y-> e e 



e e — * y 



Here straight lines with arrows represent electrons or positrons, and wavy 
lines photons. 
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One can think of these and other Feynman diagrams as representing the 
temporal evolution of the process. In (12) we have used the convention that 
time increases as one looks toward the top of the page; sometimes (as in 
Chap. Ill, Vol. II) we shall find it more convenient to draw the diagrams as if 
time increases from left to right. 

Note that positrons are only distinguished from electrons by the direction 
of their arrow: a positron in the final state (as in y— > e*e~) is depicted as if 
it were entering the interaction, whereas a positron in the initial state (see 
e*e~ -* y) looks as if it were leaving the interaction! This convention for 
drawing Feynman diagrams aptly captures the complete symmetry between 
e + and e~, as well as the requirement that charge be conserved in each and 
every interaction. Furthermore, the convention emphasizes that all the 
processes in (12) are related to each other by crossing, a concept that will be 
introduced in the next section. For these reasons the same convention will be 
used for all the antiparticles that we shall encounter. 

As we have already said, actual processes involve two or more of the basic 
transitions (10-11), and can, for that reason, be depicted by diagrams 
obtained by joining two or more vertices from (12). Thus a Feynman diagram 
contributing to Compton scattering is* 




(13) 



Here the intermediate state in e~y — > e~ — > e"y is represented by an electron 
line, or electron propagator, depicting the propagation of the electron 
between the absorption and emission acts. The total energies E of the initial 
and final states are equal, but the conservation law does not imply that 
the electron in the intermediate state has this values of E. This is best seen in 
the c.o.m. (center-o f-mass) fr ame, because there P = 0, whereas E > m, 
and therefore E ^ Jp 2 + m 2 . There is no inconsistency, however, because 
the energy of an intermediate state has an uncertainty of order (Af)" 1 , where 
Af is the duration of the collision, which depends on the detailed dynamics of 

* This is not the only diagram for Compton scattering; see §11. B. 3 (Vol. II). 
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the process in question. On the other hand, the total momentum is conserved 
at each vertex; it is the same in the initial, intermediate, and final states. 
As a second example of an electrodynamic process, consider pair annihila- 
tion. While the process e*e~ -* y cannot actually occur, pair annihilation 
into two photons, as the two-step chain e + e~ — > ye + e~ — > 77, is allowed by 
energy and momentum conservation. The corresponding diagram is 




(14) 



A third example is afforded by elastic e*e~ 
diagrams are 



scattering, for which the basic 





(15) 



(a) 



(b) 



Here we have a photon in the intermediate state, depicted by a photon line, 
or photon propagator. It represents the electromagnetic field that propagates 
from the annihilation to the creation point in (a), and between the electron 
and positron in (b). In any process that actually occurs, such as those depicted 
in (13-15), the total energy and momentum of the initial state must equal 
those of the final state, but as already explained, energy conservation does 
not determine the energy of the intermediate states. The structure and 
evolution of the intermediate state is represented by one or more internal 
lines (or propagators) in the Feynman diagram. 
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Because the transitions (12) all have equal amplitudes, sets of processes in 
QED are related to each other. For example, e~y-*e~y, e^y-^e+y, 
e*e~ — > 77 and 77 -» e + e~ all have essentially the same amplitude. This is 
also brought out by the Feynman diagrams; for example, if one looks at (14) 
from left to right, it becomes a Compton amplitude. The cross sections for 
these related processes are not equal, however, because the cross section 
involves more than the transition amplitude: kinematical factors describing 
the flux of incident particles, final and initial state wave functions, etc. These 
change from process to process. 



5. Crossing and charge conjugation 

The kinship between Compton scattering and pair annihilation is a general 
feature of relativistic quantum theory. Let a,b,... be particles, a,b . . . their 
respective antiparticles, and assume that they can participate in the reaction 

a + b -* c + d. (16) 

Next we define the operation of crossing, which consists of taking a particle 
from one side of (16) to the other, while changing it from particle to 
antiparticle. All reactions obtained from (16) by crossing one or more 
particles are then also physically possible processes, provided that energy and 
momentum are conserved. Thus from (16) we infer that 

a + c -* b + d, 

- _ - ( 17 ) 

c + d — > a + b, 

etc., are possible processes related to (16). If one of the particles, say c, is 
heavy enough, (16) also implies the existence of the decay* 

c -* a + b + d (18) 

We have not yet defined what, in general, we mean by antiparticle. Let a 
be any particle. If a has no attributes beyond linear and angular momentum 
(which include energy and spin), then a is its own antiparticle. The photon 
and the neutral pion are such particles. If the particle a has any attributes 
beyond momentum and spin (such as charge Q) the antiparticle a has the 
opposite attributes (such as charge -Q). The neutron (n) and proton (/?) 
have such attributes. In the case of p, the charge obviously distinguishes p 
from/?, while n, though electrically neutral, has a magnetic moment that has 



* Naturally two-body decay c -* a + b may also be possible if m c > m a + m b . There are 
many examples of this: all radiative transitions (a — > b + y), or the decay of the pion. 
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the opposite sign from that of n. * The case of the neutrino is more subtle. As 
we shall learn in §D.4, it is an experimental fact that neutrinos are not 
identical to their antiparticles. 

The replacement of particles by their antiparticles is called the operation of 
charge-conjugation, or C for short. This is something of a misnomer, because 
it is also used for particles, like the neutron, which have no charge. 

6. Causality and its consequences 

In §2 we mentioned that the electric and magnetic field operators must satisy 
certain commutation rules so as to guarantee ApAq ^ 1. These commutation 
rules must also satisfy a condition imposed by causality. This requirement is 
totally general, and is not restricted to electrodynamics. In view of the 
important consequences that flow from it, we shall state the condition, and 
summarize the consequences. A more detailed discussion will be found in 
Appendix IV (Vol. II). 

We recall that when two observables A and B can be measured simul- 
taneously, A and B commute with each other, and their uncertainty product 
has zero as a lower bound: AAAB ^ 0. Now let A = A(x) be some field 
operator at the space-time point x, and B(x') any other field operator at 
another point x' . If jc and x' cannot be connected by a light signal, i.e., if 
(r - r') 2 ^ (t - f') 2 , one must be able to measure A{x) and B{x') simul- 
taneously to arbitrary precision. Therefore 

AA(r,f)A£(r',f') ^0 if (r - r') 2 > (f - t'f. (19) 

This is called the causality condition. 

Remarkably enough, a number of important conclusions can be derived 
from (19) without knowing the structure of the Hamiltonian.** We shall list 
some of these, and discuss them briefly: 

1. The connection between spin and statistics: half-integer spin particles 
obey Fermi-Dirac statistics, while integer spin particles obey Bose- 
Einstein statistics. This is an empirical fact for electrons, protons, 
neutrons, photons, and pions which cannot be explained by non- 
relativistic quantum mechanics. 

2. Particles have the opposite intrinsic parity to their own antiparticles if 
they are fermions, and the same intrinsic parity if they are bosons. For 
example an e + e~ pair in an S-state has odd parity whereas a tt^tt~ pair 
in an S-state has even parity, because the pion is a spin-zero particle. 
This theorem plays an important role in the spectroscopy of positro- 
nium (e*e~ bound states), and in meson spectroscopy. 

* In §D we shall also define the attribute "baryon number"; possessed by neutrons and 
protons, which changes sign in going from particles to antiparticles. 

** Certain other highly plausible assumptions must be made, such as Lorentz co variance, a 
lower bound to the energy spectrum, etc. 
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3. Particles and their antiparticles have the same mass, equal but opposite 
charges and magnetic moments, and if they are unstable, the same 
lifetime, even if the Hamiltonian is not invariant under the interchange 
of particles and antiparticles! This is called the CPT theorem, and it is of 
considerable importance, for it is known (see §E.9) that charge- 
conjugation is not an exact symmetry. This theorem only applies to the 
lifetime, i.e., to the total decay rate. If there are several decay modes, 
the branching ratios need not be the same for particle and antiparticle. 

4. Let a tot (ab) be the total cross section for elastic and inelastic collisions of 
any two particles a and b, and a tot (afe) the corresponding cross section 
for ab collisions; then o- tot (tf6) - o- tot (tf6) tends to zero in the high 
energy limit. This is known as the Pomeranchuk theorem. 

To within the present experimental accuracy, the masses and lifetimes of 
all particles are equal to those of their antiparticles, in conformity with the 
CPT theorem. We shall quote just a few facts attesting to these symmetries 
between particles and antiparticles. If t~ are the lifetimes of the positively 
and negatively charged pions, then 



-t = (1.0 ± 1.4) x 1(T 3 . 

The ratio of the electron and positron masses is one to a part in 10 7 , and their 
magnetic moments have a ratio that is - 1 to a part in 10 11 (Schwinberg, 1981). 
At the highest energies presently available, the total cross sections for pp, 
7r + p, and Kp collisions are all approaching the cross sections for pp, ir~p, and 
Kp, respectively, in conformity with the prediction of the Pomeranchuk 
theorem (see Perkins, 1982, Fig. 4.31). 
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I. The nuclear spectrum 

The theory of atomic and molecular phenomena deals with the interactions of 
electrons and nuclei. Both constituents are treated as particles with fixed 
properties, such as charge, mass, spin, and magnetic moment. The relevant 
energy exchanges in this set of phenomena are in general well below 10 5 eV, 
that is, well below the threshold for nuclear excitation. Hence in atomic and 
molecular phenomena, nuclei can be considered as "elementary" particles 
along with the electrons. 

A different realm of phenomena appears when the energy exchanges are 
in the range of 10 5 -10 7 eV: atomic nuclei cease to be "elementary." They 
exhibit a spectrum of excited states, and it is possible to take nuclei apart by 
removing some of the constituents. The discovery of the neutron led to the 
recognition that nuclei are composed of protons and neutrons, both called 
nucleons. The proton carries the opposite charge to the electron, the neutron 
is neutral. The mass of the proton is m p = 938 MeV = 1836ra«,, and the 
mass of the neutron is a tenth of a percent higher: m n - m p - 
1.29 MeV = 2.52m e . The nucleons are particles with spin one-half. Both 
carry a magnetic moment different from what one would expect from the 
Dirac equation (see §11. A, Vol. II), which does account correctly for the 
electron's magnetic moment. According to that equation the proton's mo- 
ment jjl p should be one proton Bohr magneton, jjl b = eh/2m p c (or e/2m p in 
our units), and the neutron, being neutral, should have no moment. 
Experiments show that /jl p — 2.6jjl b and jx n — -1.9jjl b \ This is a first indica- 
tion that the nucleons are not simple elementary point particles. More 
striking evidence is provided by electron-proton scattering, which shows (see 
§111. A, Vol. II) that the proton's charge is spread over a length of about one 
fermi (10 " 13 cm = 1 fm). 

Since the neutron is uncharged, and the protons repel each other because 
of their charge, there must exist a special interaction, the nuclear force, which 
keeps the nucleons together within the nucleus. Scattering experiments show 
that this is a strong force with a finite range of about 2 fm, mostly attractive 
but turning repulsive at distances smaller than about 0.7 fm. By "strong" we 
mean, for example, that at a separation of a fermi the nuclear attraction 
between two protons is about 10 times larger than their Coulomb repulsion. 
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The term "finite range" refers to the fact that the force goes to zero 
exponentially, like e~ r/b /r, in a characteristic distance b (see Fig. 2). Its 
strength depends to some extent on the relative spin orientation or, 
equivalently, on the symmetry of the state under interchange of the two 
interacting nucleons; recall Eqs. B(45) and (46). This force between nu- 
cleons is a manifestation of the so-called "strong interaction" which plays a 
prominent role in the subnuclear realm. 

Once the force between nucleons is determined and expressed in terms of a 
potential energy, quantum mechanics can be used to predict the spectra and 
other properties of nuclei, and the interaction between nucleons and nuclei. It 
turns out that the nuclear force is not strong enough to require a relativistic 
treatment of the dynamics within the nucleus. Nonrelativistic quantum 
mechanics suffices for an approximate description, and is very successful in 
explaining the properties of nuclei and of nuclear reactions. 

Nuclei possess spectra of bound states that have a considerable similarity to 
atomic spectra. Each nuclear state possesses an angular momentum quantum 
number /. As in atomic dynamics, this is a natural consequence of the 
isotropy of space. / is an integer or half-integer, depending on whether the 
number of constituent nucleons is even or odd, because nucleons have an 
intrinsic spin of \ . The most striking distinction between nuclear and atomic 
spectra is the typical magnitude of the energy differences. A simple estimate 
of that magnitude can be made by the following crude method. The main 
attractive part of the nuclear force (Fig. 2) can be replaced by a Coulomb 
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Fig. 2. Sketch of the potential of the nuclear force as a function of internucleon separation as 
measured in fermis, 10~ 13 cm. (This curve is not quantitative, because it ignores the dependence 
on spin and isospin, or equivalently, symmetry.) For comparison, the dashed curve gives the 
attraction of two opposite, but equal, charges 3.7e. 
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attraction a N /r , where a N ~ j$ . This rough approximation does not take into 
account the repulsion at small distances, nor the exponential decrease at large 
distances, but says that the force is roughly like the aftraction of two opposite 
charges of 3.7e. On replacing the fine structure constant a and the electron 
mass m e by a N and the nucleon mass m N in the expressions for the Rydberg 
and the Bohr radius [see Eqs. B (57) and (58)], we get the nuclear Rydberg 
and the nuclear Bohr radius a N as a crude estimate of the order of magnitude 
of nuclear excitation energies and dimensions: 

1 1 

r Yat = x m N a N ~ 5 MeV, a N = 2 fm. (1) 

2 m N a N 

Consequently nuclear excitation energies are of the order of a few MeV, and 
nuclear dimensions are of the order of a few fermis. It must be emphasized 
that such estimates can only serve as a first orientation. After all, the nuclear 
force is repulsive at small distances and the attractive part of the nuclear 
potential decreases exponentially. This is why the deuteron has no bound 
states with nonzero orbital angular momentum; the centrifugal effect drives 
the particles away from each other to distances where the nuclear force is no 
longer appreciable. Nuclei with more than two constituents do possess bound 
states with nonzero orbital angular momenta; in this case one nucleon acts on 
the next, and this in turn acts on its neighbors, so that the effective binding 
has larger range. 

As we have said, one can attain a rather sound understanding of nuclear 
physics by applying nonrelativistic quantum mechanics to a system of* B 
structureless nucleons interacting through a force like the one of Fig. 2. But it 
must also be said that nuclear physics is not on as firm foundations as atomic 
physics. As we shall see, nucleons are themselves complex objects with 
internal excitations. Consequently, the interactions between them can only be 
approximated by the notion of a potential. Furthermore, internal nuclear 
motions can, on occasion, excite the nucleons. This means that a nucleus of 
atomic number B is only a system of B nucleons at a certain level of accuracy 
and sophistication. At a deeper level, there is no well-defined boundary 
between nuclear and subnuclear physics. 



2. Isotopic spin 

A new quantum number appears in nuclear spectra which has great signi- 
ficance in particle physics: the "isotopic spin" (isospin). Its importance is 
based on the empirical fact that the proton and the neutron are subject to the 
same nuclear forces, and that a proton can transform itself into a neutron, 
or vice versa, in processes due to the weak interaction, which will be treated 



* We use the symbol B here, because this turns out to be the quantity called baryon number 
in subnuclear physics. In nuclear and atomic physics it is conventional to designate this number 
by A. 
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in the next section. It is therefore useful to consider the proton and the 
neutron as two states of one particle — the nucleon. The two states differ in 
their electrical properties, but are equivalent insofar as nuclear forces are 
concerned. 

Thus the nucleon is a two-level system in the sense of §B.3(e). The proton 
and the neutron states \p) and \n) [called \a) and |j8) in §B.3(e)] span an 
abstract space %* 2 that has the same properties as the space % 2 °f the spin 
\ doublet. This allows us to introduce the concept of isotopic spin, or isospin 
for short. By definition, the proton and neutron form a doublet with total 
isospin / = \ , and "projections" l 3 = ±\ , respectively. 

As in Eq. B(31), the proton and neutron can be written as basis spinors in 

\Q2* 

The analogues of the spin \ angular momentum matrices are the three 2x2 
matrices \r a , where t x = cr x , r 2 = a y , and r 3 = cr z are the three Pauli 
matrices [Eq. B(26)], but they are represented by a distinct symbol because 
they operate in a different space. 

The nucleon has both ordinary spin and isospin, and in (2) the former has 
been suppressed as we now focus on the latter. A complete nucleon wave 
function therefore has two two-valued quantum numbers, one specifying its 
spin state, the other its isospin. The or t act on the former, the T a on the latter. 
Whenever we use the term spin, as opposed to isospin, we always refer to the 
intrinsic angular momentum. 

The existence of three "rotation" generators \r a allows us to introduce an 
abstract Euclidean 3-dimensional isospin space % 3 \ the relationship between 
% 3 and %\ is precisely the one that exists between ordinary Euclidean 3-space 
% 3 , and the space % 2 of the / = i doublet [recall §B.2 (e)]. In particular, the 
Pauli matrices combine to form 

7= (t 1 ,T2,t 3 ), (3) 

which is a vector in isospin space.* Throughout this book we shall use the 
notation V to designate vectors in abstract spaces that refer to quantum 
numbers unrelated to the ordinary 3-space % 3 . 

According to (2), the proton and neutron are the "up" and "down" 
numbers of the nucleon doublet, where up and down refer to the 3-direction 
in % 3 (not in ordinary space, of course). If we "rotate" through 180° about the 
2-axis of % 3 , \p) is "turned" into \n), and vice versa. An arbitrary transforma- 
tion, like Eq. B(40), would transform \p) into some linear combination of \p) 
and \n). In contrast to an arbitrary spinor, such an arbitrary isospinor does 



* To be precise, if U is given by Eq. B(40), with cr replaced by t, Ur t/ + is just the 
combination of T fl 's that we would get if we rotated a 3-vector by (ft,0). 



50 I.D. NUCLEAR PHENOMENA 

not represent a state that can actually be observed, because the electromag- 
netic interaction always distinguishes p from n, and therefore selects a 
direction in isospin space. We have, by convention, called this preferred axis 
the 3-direction. The analogous situation would occur with ordinary spin if 
space were pervaded by a magnetic field B, which would then produce a 
Zeeman splitting of all spin doublets, and select a preferred direction. On the 
other hand, if B were weak enough so that the Zeeman splittings were very 
small compared to typical level spacings, we could, to a good approximation, 
ignore them, and then all linear combinations of spin up and down with 
respect to B would be degenerate and on an equal footing. It is this last 
circumstance which is analogous to the nuclear situation, because the strong 
interaction, which is responsible for nuclear forces, appears not to single 
out any preferred direction in isospin space, while the electromagnetic inter- 
action plays a very subsidiary role in most nuclear phenomena. To the extent 
that one ignores electromagnetic effects, all directions in isospin space are 
therefore equivalent. The evidence for this assertion will be presented 
below. 

From the T a we can form several operators that play an important role in 
nuclear physics. First we define the isospin components, 

Ia = ±T a . (4) 

The isovector / = {I x J 2 ^h) is the analogue of the angular momentum J, 
and is called the isospin (operator). It has the same commutation rules as 
angular momentum. The electric charge is 

G = / 3 + i, (5) 

since l^-\ and -\ forp and n. The operators 

I± = h ± ih (6) 

will be important in /3-decay, because I+\n) = \p), I-\p) = \n) [see the 
analogue, Eqs. B(34) and (35)]. 

For systems of B nucleons we define the total isospin by the analogue of 
Eq. B(41): 

7= i> } (7) 

n = \ 

where / (n) is the operator (4) for the nth nucleon. We can then construct 
simultaneous eigenstates of (7) 2 , with eigenvalue /(/ + 1), and of I 3 . 

Consider the two-nucleon system, and its interactions. Each nucleon is 
described by an isospinor like (2). Because of the complete analogy with 
angular momentum we conclude from Eqs. B(45) and (46) that the eigen- 
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states of definite (IJ3) are 



(8) 



The triplet state is symmetric, the singlet state is antisymmetric, when the 
nucleons are interchanged. Under rotations in the isospin space ^3, the 
triplet transforms like a vector, while the singlet is an invariant. 

We now discuss the invariance of the nuclear Hamiltonian H when protons 
and neutrons are interchanged. Invariance under such an interchange does 
not require invariance under all rotations in the isospin space %[. For 
example, if H contains a term CI 3 2 , this has the same value \C for the 
one-nucleon states* \p) and \n), but it is only invariant under arbitrary 
rotations about the 3-axis of %\ . For the two-nucleon system, this term has the 
eigenvalue C for \pp) and \nn), and zero for \pn) and \np). This reveals the 
lack of full symmetry, because the three 7=1 states are not degenerate if 
C ^ 0, as they must be if H is an invariant in %{ . It is, however, an empirical 
fact that the energies of two-nucleon states depend only on whether they are 
symmetric or antisymmetric under interchange (i.e., I = 1 or I = 0), and not 
on whether the state contains two "equal" or two "unequal" nucleons. Thus 
nature has chosen invariance under all rotations in isospin space as the 
realization of the equivalence of neutron and proton. 

In analogy to Eq. B(48) we can ascribe the difference in energy between 
the I - 1 and the I - states to a term in the Hamiltonian proportional to 
(t >(1) • ? (2) ), where the vector operators ?® have been defined previously. 
The product (T (1) • 7 (2) ) is invariant under rotations in %* 3 . Its eigenvalue is 1 
for I = 1, and -3 for I = 0, in analogy with Eq. B(49); it splits the symmetric 
triplet from the antisymmetric singlet. 

The Pauli principle acquires a more general significance when isospin is 
introduced. Now the proton and the neutron are no longer different particles, 
but the same particle (the nucleon) with different eigenvalues of a new 
intrinsic coordinate. Hence a state consisting of several nucleons must be 
antisymmetric under exchange of any two nucleons, and not only under the 
exchange of two neutrons or protons. For example, when two nucleons are in 
the symmetric 7=1 state, they must be antisymmetric either in the spin 
coordinates, or in the space coordinates; if they are in the antisymmetric 



* The expression C/ 3 2 , though not fully invariant in %{, does not distinguish between/? and n, 
because it is also invariant under a rotation through 180° about the 1- (or 2-) axis, which 
interchanges n and p . 
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7=0 state, the remainder of the state must be symmetric, i.e., either 
symmetric in both space and spin, or antisymmetric in both. 

The simplest manifestation of the 7 = state in the^wo-nucleon system is 
the deuteron. The 7=1 two-nucleon system has no bound states, only 
scattering states, and therefore the ground state is an 7 = state. Because of 
the Pauli principle, that state must be symmetric in the other coordinates. 
Since it is an orbital S-state (symmetric), as most ground states are, it must 
also be symmetric in the spins. Hence the deuteron has a total spin of 1 in its 
ground state. 

The three nuclei 12 B, 12 C, 12 N consist of five protons and five neutrons 
each, plus a pair of valence nucleons, pp in 12 N, pn in 12 C, nn in 12 B. The five 
protons and five neutrons are in an I = state, and form an inert core. We 
concentrate our attention on the valene pair, which provides an example of 
two-nucleon states. The pair is in a triplet state (7 = 1), or a singlet state 
(7 = 0), of different energy. In most nuclei with an equal number of protons 
and neutrons the lowest states are isospin singlet states.* The substates of the 
triplet give rise to 12 B, 12 C, and 12 N, whereas the singlet (pn only!) can only 
be 12 C. We therefore expect all three nuclei to have degenerate 7=1 states, 
whereas 12 C should have additional states with 7 = 0. Actually the degen- 
eracy of the isospin substates is only approximate, since the p-n mass differ- 
ence, and the electrostatic repulsion, introduce small energy differences. In 
Fig. 3 we see that the lowest states of 12 B and 12 N have a spectrum similar 
to the 7=1 spectrum of 12 C. The 7=1 states in 12 C lie midway between 
those of 12 B and 12 C. The 7=0 states appear only in 12 C. 

In general, a state consisting of Q protons** and N neutrons possesses the 
quantum number 7 3 = \{Q - N).lt may belong to any multiplet with isospin 
7 = |7 3 |, |7 3 | + 1, etc., but 7 can never be larger than j(N + Q). All substates 
of a given 7 have approximately the same nuclear energy. As in the 
two-nucleon case, the substates of a given 7 have the same symmetry with 
respect to exchanges of any nucleon pair, since the operators 7 ± , which 
transform one into the other [(see Eqs. (6) and (7)] are symmetric under such 
exchanges, and cannot change the symmetry of the states. 

The n-p mass difference and Coulomb repulsion do not only spoil the 
symmetry of the Hamiltonian; they also effect the wave functions, which then 
differ somewhat as 7 3 changes within an 7-multiplet. 



3. Electromagnetic and weak transitions between nuclear states. Neutrinos 

As our preceding discussion has indicated, all the bound states of B nucleons 
should be viewed as being the levels of one system. Let us designate such a 

* This comes from the Pauli principle: the antisymmetry in isospin requires symmetry in the 
other coordinates. The latter circumstance usually lowers the energy. 

**We designate the charge by Qe, because that is the customary notation in subnuclear 
physics. In atomic and nuclear physics the charge is conventionally denoted by Ze. 
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Fig. 3. The level spectrum of the 12-nucleon system. The numbers on the left of each level give 
the angular momentum / and parity, those on the right give the isospin. The connecting lines are 
the most important transitions; the vertical ones are electromagnetic, the skewed ones are lepton 
pair emissions (e~T, or e + v). 



level by <!>„ ( Q ), where Q is the atomic number (the number of protons), and n 
specifies other quantum numbers. We do not display B as it is common to all 
these levels. 

Transitions within one nuclear family occur by the emission or absorption 
of two types of "radiation." Just as in atoms, transitions 



<*>„ (G) ~ <*V (G) + y 



(9) 



between levels of the same charge can occur by the emission or absorption of 
photons. The same selection rules restrict the changes of angular momentum 
and parity, and determine the multipole type of the emitted radiation. In 
nuclear transitions, higher multipole radiations are not as hindered as in 
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atomic transitions because the ratio R/k (size to wavelength) is about 10 
times larger, i.e., of order a N instead of a (recall the discussion on p. 31). 
Nuclear physics reveals another important transition mode, in which the 
nuclear charge changes by ±e, i.e., AQ = ±1. Nuclear levels that perform 
such transitions are called ^-emitters, and the process in question is called 
fi-decay. The transition Q} n (Q) — > & n '(Q ± 1) is accompanied by the emis- 
sion of a pair of particles. On of these is an electron or positron, depending on 
whether A(?=+lor-l. The second particle is a neutrino. Schematically, 
we have 

*»(0 ^ <MQ + 1) + «" + *, (10") 

*»(Q)->*XC2-i) + « + + ^ (10 + ) 

The evidence that the neutrinos in e~ and e + emission are distinct, and each 
other's antiparticles, will be discussed presently. 

That at least two particles must be emitted follows from angular momen- 
tum conservation. As all the & n (Q) consist of B nucleons, they have an 
integer or half-integer total angular momentum / depending only on whether 
B is even or odd. Consequently, any transition within the nuclear family 
{<£> n (Q)} involves an integer change of /, and must be accompanied by the 
emission of an even number of fermions. Furthermore, if only one particle 
were emitted, its energy would be given uniquely by the change of nuclear 
mass. The e^ energy spectrum is actually continuous, indicating that the 
available energy is shared with other decay products. The two-body decays 
(10) are therefore the simplest possibility, once one knows that an e~ or e + is 
radiated. This argument shows that the neutrino is afermion. Detailed studies 
of the angular and energy distributions in fi -decay show that the neutrino spin 
is \ , and that its mass is less than 10" 4 m e . Hence the neutrino has a mass that 
is far smaller than all the masses we have encountered. It is entirely possible 
that m v = 0, but no firmly established principle appears to require this. 

P -decay is a process that is very slow compared to other nuclear processes; 
in the fastest instances the lifetime is of order milliseconds, while in the 
slowest cases the lifetime is greater than the age of the universe. The 
interaction causing this emission is therefore called the weak interaction. 

Electrons and neutrinos belong to the so-called lepton family of particles. 
The word "lepton" was taken from the Greek word for "light" at a time when 
the known leptons included the electron, the neutrino, the muon /x, and a 
second type of neutrino associated with it.* Today we know that "lightness" 
is not a universal characteristic of leptons, for there exists a charged lepton r 
which has about twice the mass of the nucleon. The /jl, t, and their neutrinos 
will be discussed in §E.9. 



* Because the electron and muon neutrinos are distinct, we should have written v e in (10), but 
as nuclear transitions only involve v e , we have dropped the subscript "e" here. 
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The creation of a lepton pair in a transition caused by the weak interaction 
is somewhat analogous to the emission of a photon by the electromagnetic 
interaction. Both the lepton pair, and the photon, are "created" when the 
transition takes place, and the concepts of quantum field theory are essential 
tools in the detailed description of both processes. It is even more fruitful to 
regard electron-neutrino pair emission as an analogue to the emission 
(creation) of an electron-positron pair. An example of such a transition is 
i6q* _^ i6q + e + + e ~ y where the initial and final states of the oxygen 
nucleus both have / = 0, and therefore cannot perform the transition by 
emitting a photon (recall p. 31). The transition can be depicted by the 
Feynman diagram 




(ii) 



The wavy line in (11) represents the changing Coulomb field of the nucleus. 
This is a longitudinal field, in contrast to the transverse radiation field 
associated with photons; this Coulomb field can produce an e + e~ pair in a 
state with / = 0. As we shall learn in §E.9, lepton pair creation via the weak 
interaction can be understood as being due to a mechanism that bears a 
profound resemblance to (11). 



4. Lepton number conservation and parity violation 

Of all the nuclear fi -decays, the most fundamental is that of the isolated 
neutron 

n-* p + e~ + P, (12) 

which is Eq. (10") for Q = 0, B = 1. As we learned in §C5, the process (12) 
is related by crossing to 

p -* n + e + + v, (13) 
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which is Eq. (10 + ) for Q = B = 1. Since the neutron has a higher mass than 
the proton, only the first process (12) actually occurs for free nucleons. 
However, when nucleons are bound within nuclei, it often happens that 
replacement of a proton by a neutron decreases the total energy of the 
nucleus, in spite of the higher mass of the neutron. One reason for this is the 
decrease of electrostatic energy (the charge decreases by one unit); another is 
that in some cases the neutron is more strongly bound to the nucleus than the 
proton which it replaces.* Under these circumstances the reaction (13) occurs 
within the nucleus. 

Another process related to the neutron's /3 -decay by crossing is 

p + e~ -* n + v. (14) 

Here an electron bound in the atom combines with a proton bound in its 
nucleus to form a neutron and neutrino. As this electron capture is most 
probable when the electron occupies the shell closest to the nucleus — the 
so-called i£-shell — (14) is called /^-capture. 

The final set of reactions related to (12) and (13) that we shall discuss 
provide the proof that v ^ v. These are the neutrino scattering processes: 

v + n— > p + e~, (15) 

V + p-*n + e + . (15) 

Nuclear reactors are copious sources of neutrinos because of the decay of the 
neutrons which abound in them. According to our definition, these are 
antineutrinos v. If there is a distinction between v and v, reactor neutrinos 
should only induce the reaction (15), wherein a positron is emitted. If, on 
the other hand, there is no distinction^ between v and v, reactor-produced 
neutrinos should cause both (15) and (15), i.e. , reactions in which electrons or 
positrons are emitted. Experiments have demonstrated that when targets are 
exposed to reactor-produced neutrinos, the only reactions observed involve 
the emission of e + , thereby demonstrating that the neutrino is distinct from the 
antineutrino.** 

The cross sections for reactions induced by the low energy neutrinos 
produced by reactors are exceedingly small: of order 10" 17 (fm) 2 , corre- 
sponding to a mean-free-path of order 10 14 km in solid rock! This should 



* This statement seems to contradict our claim that the nuclear force does not distinguish 
between proton and neutron. The contradiction vanishes, however, when one considers the Pauli 
principle. It may be that the neutron after the process (13) finds a place in an orbital of lower 
energy which was occupied by protons, a state in which it could not have been when it was a 
proton before the decay. 

** In detail, this argument runs as follows. Write (12) and (13) as n -* pev and p -* nev\ so 
that crossing implies vp -* en and v'p -* en. Since the latter process is observed, V - v, and 
therefore v' = v. 
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bring home the meaning of the word "weak" in the name "weak interaction." 
As we shall see, neutrino cross sections grow with increasing energies; 
consequently, there is extensive data from accelerator-produced neutrino 
reactions in the subnuclear realm. 

The distinction between v and v allows us to formulate the law of lepton 
number conservation. If we assign the lepton number N t = to the nucleons, 
Ni = 1 to e~ and v, and JV/ = -1 to e + and P, we see that all the processes 
discussed thus far conserve JV/. Apart from rather obvious modifications that 
are required by the existence of the other leptons mentioned previously, 
lepton number is, to our present knowledge, strictly conserved. Hence the 
lepton number is an "attribute" in the sense of our discussion on p. 43. 

While the weak interaction has taught us this new conservation law, it 
has the astonishing property of violating reflection or mirror invariance. As a 
consequence, parity is not conserved in weak interactions] On p. 25 we stated 
the observational criterion for reflection invariance. We now apply it to the 
/3 -decay of the spin-polarized nucleus Co 60 . Let z be the direction along which 
the spin is polarized, and consider a mirror in the x-y plane perpendicular to z 
(see Fig. 4). If (p x ,Py,Pz) is the momentum of a decay electron, its mirror 
image is (p x ,p y ,—p z )* On the other hand, the mirror image of the initial state 
spin J z is J z , not - J z , as one concludes by visualizing a rotation in the x-y 
plane, or as one can see formally from the orbital angular momentum 
xp y - yp x . Consequently, reflection invariance requires equal probability P 
for electrons emitted at an angle of 6 and it - 6 with respect to the nuclear 
spin axis/The data show that P(0) ^ P(tt - 0), or what is called an up-down 
asymmetry, and thereby demonstrate that spatial reflections are not a symmetry 
of the /3-decay interaction. 




**y 




Fig. 4. Parity violation in p -decay. The two drawings shown differ by a reflection in the x-y plane 
0\ The nuclear spin, indicated by the heavy arrow, is unaffected, as it generates a rotation in 0>, 
but the electron momentum undergoes the change p -» p'. Hence, if reflection is a symmetry, the 
angular distribution of /3 -electrons must be up-down symmetric with respect to 0\ It is not, and 
therefore parity is violated. 
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Summary 

When we consider the world of atoms and nuclei, the "elementary" particles 
are protons, neutrons, electrons, neutrinos, and photons. We observe 
conservation laws, not only of energy, momentum, angular momentum, and 
charge, but also of other numbers: the number B of nucleons (protons plus 
neutrons), and the number Ni of leptons (electrons plus neutrinos). Both of 
these conservation laws hold in the sense that antiparticles must be counted as 
negative. Photons are not subject to a conservation law of numbers. They are 
bosons which are indistinguishable from their antiparticles, and can be 
created and absorbed singly, or in any number. 

As for the forces that act between these "elementary" constituents of 
matter, we learn from nuclear physics that there are two interactions beyond 
the electromagnetic: the strong interaction between nucleons, responsible for 
binding nuclei, and the weak interaction, responsible for /3 -decay and other 
neutrino-related processes. While the strong interaction has all the symme- 
tries familiar from atomic physics, the weak interaction is not reflection 
invariant. 

It is remarkable that while subnuclear physics has exposed a deeper level of 
fundamental constituents, it has not revealed any new interactions between 
them.* On the other hand, by giving us a far better understanding of the 
constituents, it has permitted us to gain much more insight into the nature of 
the strong and weak interactions. 



* See, however, CP violation [§E. 11(b)], which may be due to a fundamentally new 
interaction. If proton decay is observed (§E.13), that would unambiguously demonstrate the 
existence of another new interaction. 



E. SUBNUCLEAR PHENOMENA 



/. Introduction 



After the discovery that atomic nuclei consist of protons and neutrons, the 
composition of matter could be understood in terms of a very small number of 
elementary particles: the proton, the neutron, the electron, the neutrino, and 
the photon. However, this simple picture of the world did not survive for 
long; there were several early indications that the situation is more involved. 

Studies of cosmic rays impinging upon the earth revealed the existence of 
new short-lived entities called baryons and mesons, which did not fit into this 
scheme. Furthermore, the observed interaction between protons and neu- 
trons — the nuclear force — did not appear to be as simple and fundamental 
as the electromagnetic forces between charges, or magnetic moments. Being 
repulsive at short range and attractive at longer range, and dependent on the 
sjtin and the symmetry of the quantum state of the partners, it resembled the 
chemical force between atoms. As we have seen, the chemical force is really 
due to electrical forces between the constituents of atoms, and its complexity 
is a manifestation of the internal structure of atoms. The analogy with the 
chemical force suggests that the nuclear force is also a relatively complicated 
manifestation of more fundamental forces acting within the nucleon and 
connected with its internal structure. 

The notion that the nucleon is an elementary particle received its final blow 
with the discovery of a short-lived excited state of the proton and the neutron, 
the so-called A. Another indication of internal structure came from the elastic 
scattering of electrons by nucleons. The angular distribution of the scattered 
electrons is directly related to the spatial charge distribution of the target (see 
§111. A. 1, Vol. II). Measurements of this type revealed that nucleons have 
charge radii of —0.8 fm, a dimension that is very similar to what one infers 
from pion-nucleon collisions, and from detailed models of hadronic spectra. 
Hence the nucleon cannot be "elementary," and has to have some internal 
structure. 

This was the beginning of a series of discoveries that exposed a new realm 
of phenomena which comes into play if matter is subjected to energies of the 
order of several hundred MeV or more. It is a world full of short-lived entities 
such as these excited .nucleons, of mesons, and of heavier replicas of the 
electron. This plethora of particles (and antiparticles) are created and 
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transformed into each other in a variety of different collision and decay 
processes. 

Despite this bewildering array of objects and phenomena, an underlying 
structure that is relatively simple has been discerned. The "particles" fall into 
three distinct families: 

1. The leptons, of which the electron and its neutrino are the examples 
encountered in atomic and nuclear physics. To the best of our present 
knowledge, the "new" charged leptons are heavier replicas of the 
electron, and each has its own neutrino. All are spin-^ fermions. 

2. The quarks, also spin-^ fermions. They combine together in various 
aggregates called hadrons, a name that is taken from the Greek word 
for "strong," because all these objects are subject to the strong 
interaction. The most familiar hadrons are the proton and neutron. 
These have a vast array of excited states, all having half-integer spin, of 
which the A just mentioned is the lowest-lying. In addition, there is a 
whole set of hadrons with integer spins; they are called mesons. 

3. Field quanta, of which the photon — the quantum of the electromag- 
netic field — is the most familiar example. We now believe that the 
other basic interactions are also mediated by fields. The quanta of the 
strong field are called gluons; those of the weak field are called W + , 
W~, and Z°; the first two carry electric charge, as the superscript in- 
dicates. They are massive particles whereas the photons and gluons are 
massless. All these field quanta are spin-one bosons — that is, all the 
fields are vector fields .* 

Throughout most of this book we shall assume that hadrons are composed 
of quarks. But before introducing the quark model, we must present at least 
a sketch of the phenomena which this model seeks to encompass. 

In trying to gain familiarity with the vast array of particles that are about to 
appear, one should not lose sight of one important and simplifying fact. As in 
nuclear physics, there are three basic interactions, the strong, the electro- 
magnetic, and the weak. The strong interaction will turn out to be responsible 
for the internal dynamics of hadrons, and for the overwhelming part of 
the forces between hadrons. The characteristic time scale r h of hadronic 
dynamics can be estimated from the nucleon-A level spacing AE — 300 MeV: 
T h ~ (AZ?)" 1 ~ 10" 23 sec. In comparison to this, all electromagnetic and 
weak phenomena proceed at a far slower pace, and can be ignored to an 
excellent approximation in any process caused by the strong interaction. But 
as we learned in nuclear physics, there are reactions and decays that can only 
be caused by the electromagnetic and weak interaction. They have small cross 
sections or long lifetimes, as the case may be. Those due to electromagnetism 
may violate isospin conservation, and those brought about by the weak 
interaction violate parity as well. These distinctions between the three 
interactions carry over into the subnuclear world. 

* The quantum of the gravitational field, the graviton, is massless and is a spin-two boson. 
The field is a tensor field. It will not be considered in this book. 
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2. The baryon spectrum 

We begin by describing the excited states which one observes when protons or 
neutrons are bombarded with particles having energies higher than several 
100 MeV (see Fig. 5 and §111. A, Vol. II). Under such circumstances the 
nucleon can assume different properties that can be described as an excitation 
of the nucleon, analogous to the excitation of atoms or nuclei. Many excited 
states of the nucleon have been discovered. The characteristic energy 
differences are of the order of several hundred MeV. 

Figure 6 shows the most important of these states as they are known today. 
We use the term "baryon" for the nucleon and its excited states, and reserve 
the term "nucleon" for the two lowest states, the proton and the neutron 
(p and n). 

The baryon spectrum is the third level at which nature offers us a series of 
well-defined quantum states: the first were the atomic and molecular spectra, 
the second the nuclear spectra. The typical excitation energies are higher with 
each step: of the order of eV in the first, MeV in the second, and GeV in the 
third. 

A study* of the states in the baryon spectrum shows that the same quantum 
numbers appear here as in atomic and nuclear spectra: the angular momen- 
tum /, and the isospin /. The appearance of multiplets characterized by / 
is no surprise: this tells us that the internal dynamics of the baryon is 
independent of the orientation of the coordinate frame in which the system is 
observed. 

We assign a baryon number B = 1 to all these states, since we consider them 
to be excited states of the nucleon. B is identical to the quantity we used in §D 
to denote the number of nucleons in a nucleus. 

The excited baryon states carry different electric charges Qe, all being 
integer multiples of the proton charge e. One of the most significant aspects of 
the baryon spectrum is the existence of almost degenerate levels of different 
charges which have all the characteristics of isospin multiplets. We already 
identified the nucleon as an isospin doublet / = i, with I 3 = +\ for the 
proton and I 3 = —J- for the neutron. Among the excited states, there are 
other nearly degenerate doublets with 2 = 1 and Q - 0, which are also 
assigned to / = i. We also find different isospin multiplets. There are 
quartets of almost degenerate states, such as the A, to which we assign the 
isospin / = !, with I 3 = -f, -£, +i, +| and Q = -1, 0, +1, + 2, 
respectively, so that the charge formula, Eq. D(5), applies. 

In addition to these doublets and quartets, there are also triplets and 
singlets, as well as doublets with charges that do not agree with Eq. D(5). A 
more general charge formula that encompasses all these nearly degenerate 



* Some of the experimental techniques that yield the information used in this and the 
following section are summarized in §111. A (Vol. II); for a more detailed discussion, see Perkins 
(1982). Whenever we use data without a citation, our source is Particle Data Group (1982), or the 
compilation in Appendix I, where further references to data can be found. 




(- 




UJ 


u_ 

UJ 
O 


> 

CD 
O 


UJ 

o 

UJ 

n 


2 

< 

7^ 


O 


o 


o 




o> 


CO 


" 


n 


LjJ 


o 




tr 


UJ 


Q} 



S3 



on 

2* 

O XI 



! H £ 3 



O 

O <D 

•§ s 

a o 
8-8 

^ ° 
£ 1 

o a 

cd ^ 

§ 3 

a 6 
xi .a 

6 J 3 
2 S 



.9 3 

'2-S 

w 2 
. o 



( A 89/^/ 2 UJ0 o 0|x) ^ p 



2 o "2 
£U g 



3-5* 
<£ c3 

X o 

cd ^ 

> Su 

- o 2 

38 g 
8 Z S 

SO « Q 

f s.s 

O.SS T=H 

^ eS C 

•S .2 ^ 

•3-fsr 
sis 

w 52 ^ 

6 g< 

' 7 25 S 
P <^> e 

<D ~ g 

— h o y 

13 a M 

G cd d 
td C -* 
O £ 



<D 



62 



2. THE BARYON SPECTRUM 



63 



GeV 
2.4 



2.2 



2.0 



1.8 



1.6 



1.4 



1.2 



l! /2 + 



9/ 2 + - 



k */ 2 + - 



'/2 - 
3 /2" 
■5/2*= 
5/2"! 
U'/2~ 
'/2"_ 
3/2~- 
'/2<- 



'/2 + 



7/2* 



V 

5/2+ 



3/2"-. 

l/ 2 + - 



3/ 2 + 

5/2"*"" 

3/2 
'/2 

3/2 _ - 

1/2" 



V 2 + - 

3/2"_ 
5/2*- 



1/2 



3/ 2 - /' *'* — 



i^/z- 



3/2" 



l/ 2 +- 



/ 
/3/ 2 + 



1/2" 



1/2- 



'•°H/ f n,p 
C /2 .- ■ 



^T 



I 



! I 4r 

doublets quartets singlets triplets doublets singlets singlets triplets 

S-* -I -I -2-3 

C-^0 I I 

Name N A A 2 H & A c 2 C 

Fig. 6. The baryon spectrum. Every state shown will, by some sequence of decay processes, 
terminate in the proton. The numbers on the left of the levels indicate ordinary spin and parity. 
The eight columns of states differ in the quantum numbers /, 5, and C as indicated. The last line 
gives the name of the group of states in each column. The lowest octet and decuplet [see §6(d)] 
are enclosed by broken lines. 



multiplets is 



Q = I 3 + ±y, Y=B + S+C, 



(1) 



where S and C are new quantum numbers ascribed to the baryon states. The 
quantum number S is called "strangeness ," while the quantum number C is 
called "charm." The combination Y is referred to as hypercharge. Because of 
an unhappy convention, the strangeness quantum number of baryons is 
negative. 
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We already know that Q, B, and I 3 are additive quantum numbers — that 
if, say, /g 1 * and if^ are the isospin projections for two objects, the combined 
system has the quantum number f^ + if^ As they appear in the expression 
for Q, we assume that 5 and C are also additive. 

The full significance of S and C will emerge presently. Their introduction is 
not just a trick for saving the charge formula. As we shall see, 5 and C are 
new attributes of elementary particles, exposed only at the subnuclear level, 
that have a certain kinship to the attribute of isospin revealed at the nuclear 
level. Like isospin, S and C will turn out to be conserved in all hadronic 
processes.* 

Table 1 shows the states of the baryon grouped according to different 
values of isospin, S, and C. Table 1 lists the different groups, their quantum 
numbers, their isospin, the charges appearing in the multiple ts according to 
Eq. (1), and the symbols by which the groups are named.** Figure 6 shows 
that each of these groups contains many baryons with different masses, and 
various spin-parities / n . 



Table 1 
Baryon states 


Name 


i 


s 


c 




Multiplet 


Charges 


AT 
A 


\ 












Doublets 
Quartets 


+ 1,0 
+2, +1,0, -1 


A 
2 




i 


-1 
-1 








Singlets 
Triplets 




+ 1, 0, -1 


w 


\ 


-2 







Doublets 


0, -1 


a 





-3 







Singlets 


-1 


t 




1 






1 
1 




Singlets 
Triplets 


1 

2, 1,0 



To each baryon level there should correspond an antibaryon level — the 
excited states of the antinucleon, N. The antibaryon levels should have the 
same spectrum, the same spin /, and total isospin /, but the opposite 
charge, strangeness, charm, baryon number (B = -1), and projection I 3 of 

* The discovery of a new type of meson, Y, demonstrates the existence of yet another 
quantum number beyond /, 5, and C. We will discuss this evidence in §6(e). This quantum 
number will be called 2ft, and it is also borne by the so-called B-mesons of Fig. 8(c). Hence 
Eq. (1) should really read Y=B + S + C + <3b. There are theoretical reasons to expect even a 
fifth quantum number at yet higher energy (see §12). 

** As we see from Fig. 6, there are many levels with these quantum numbers. If one wants to 
be specific, one writes A(1232) or 2(1385), where the number in parentheses is the mass in MeV. 
When the symbols N, A, etc. of Table 1 are given without a mass, they usually refer to the lowest 
level. In this sense we have used A to refer to the lightest A-state, i.e., A (1232). 
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isospin. A large number of antibaryon levels having these expected properties 
have actually been observed. 

We close this brief survey of the baryon spectrum with some qualitative 
remarks. In contrast to nuclei, and especially to atoms, the spacings in the 
baryon spectrum are comparable to the mass of the ground state (the 
nucleon). According to the argument on p. 31, this implies that any internal 
motions that give rise to baryon excitations are relativistic, i.e., have 
velocities comparable to c. This remark also applies to the mesons, which we 
shall discuss next. As a consequence, hadrons are relativistic systems, whereas 
atoms and nuclei are not.* For that reason, pair creation is a common 
occurrence in subnuclear physics, while it is a rare event in other branches of 
physics. 

For a relativistic system, the level spacing is of order the internal 
momentum which, in turn, is of order R~ l . Since AZ? ~ 300 MeV, the 
characteristic hadron radius R is A -1 ~ 10" 13 cm, which is also of order T h c. 
That hadrons actually have this size is confirmed by electron-proton and 
hadron-proton collision experiments (see §111. A, Vol. II). 



3. Mesons 

(a) Meson emission and absorption 

We shall now discuss how the nucleon can be excited to higher states, and 
the way in which these return to lower states. Since all baryon levels have 
half-integer spin, any such transition requires an integer change of angular 
momentum. Consequently, the system that is emitted or absorbed by the 
baryon during such a transition can consist of any number of bosons, or of an 
even number of fermions, or of both. 

As in atoms and nuclei, one observes the emission and absorption of 
photons in transitions between baryon states. These occur only between 
states of the same strangeness, and this tells us that there is a selection rule 
AS = for electromagnetic transitions. 

Furthermore, as in nuclei, the weak emission of lepton pairs is observed in 
certain transitions from a higher to a lower state. In these transitions the 
strangeness may change by one unit, or remain unchanged, AS = or 1. In §9 
we shall return to the interesting new features of weak processes in the 
subnuclear realm. 

In nuclear spectra we encountered a new transition process, the emission 
of a lepton pair. Here, at the subnuclear level, yet another transition mode 
appears: the absorption or emission of particles belonging to a new species, 
the mesons. As mesons can be absorbed or emitted singly, it is clear that 
mesons are bosons. 



* There are some important exceptions to this general rule, however; see §6(e) and §111. B 
(Vol. II). 
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If an excited baryon state can decay to a lower level by meson emission, the 
meson emission process will, in most cases, totally dominate the decay rate. 
Similarly, if a baryon level can be excited by meson absorption, that will have 
a far larger cross section than those for excitations by means of photoabsorp- 
tion or by inelastic electron scattering,* while that for neutrino scattering will 
be vastly smaller still. All this merely illustrates our earlier statement that the 
mesons are hadrons, and participate in strong interaction processes, whereas 
photons and leptons do not. 

(b) 7T-, K-, D-, and F-mesons 

We begin our survey of mesons with those that are most long lived: the 
pions, kaons, D-, and F-mesons, denoted by 7r,K,D, and F, with appropriate 
superscripts that give their charge. A detailed compilation of mesons, and 
their properties, is provided in Appendix I. 

Pions occur as a triplet, 7r + , 7t°, 7t~, and are almost degenerate with a 
mass of about 7 of the nucleon mass (see Table 2). The pions have zero spin 
and odd intrinsic parity, designated by 0". The 77° decays into two photons 
with a lifetime of about 10" 16 sec, whereas 7r + and tt~ decay into a lepton 
pair with a lifetime of about 10" 8 sec. The former is an electromagnetic, the 
latter a weak process, and both are enormously slow compared to the 
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Table 2 












Pions, 


Kaons, D-, and F-mesons a 






Symbol 


Mass (MeV) 


Q 


/ 


h 


s 


c 


Lifetime 15 


7T + 

tT 


140 
135 
140 


1 



-1 


1 
1 
1 


1 



-1 












2.6(-8) 

8.3(-17) 

2.6(-8) 


K + 

K° 

K~ 


494 
498 
498 
494 


1 



-1 


* 
* 
* 

i 


* 

-* 

* 

-* 


1 

1 

-1 

-1 








1.2(-8) 

c 
c 

1.2(-8) 


D + 
D° 
D° 


1869 
1865 
1865 
1869 


1 




-1 


* 
* 
* 
* 


* 

-* 

* 

-* 








-1 


~8(-13) 
~4(-13) 
~4(-13) 
~8(-13) 


F + 
F~ 


1970 
1970 


1 
-1 










1 
-1 


— 1 


~3(-13) 
~3(-13) 


a This table does not include the 5-mesons; see Appendix I. 

b Lifetimes^ are in seconds, and 2.6(-8) means 2.6 x 10~ 8 sec, etc. 

c K° and K° do not have well-defined lifetimes, but the linear combinations (K° 


± Ryji 


do, and their 



lifetimes are 8.9(— 11) and 5.2(-8). For a discussion of neutral kaons, see §11. 



* On p. 64 we stated that /, 5, and C are conserved in strong processes. Consequently 
mesonic processes only dominate if these conservation laws are satisfied. 
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characteristic hadronic time scale ~10" 23 sec. The K's, D's, and F's are also 
long-lived in this sense. 

[The odd intrinsic parity of the pion is established by considering the reactions 
(a) iTd -» nn, and (b) 7r~d -» nn tt°; (a) is observed when low-energy 7r's 
strike deuterons; reaction (b) is not observed. The deuteron is made of a proton 
and a neutron in an 5-state (orbital angular momentum L = 0), with total spin 
one. The pion is a spinless particle. Because of its low energy it will have no 
orbital angular momentum relative to the deuteron. Call U p , n„, 11^ the 
intrinsic parities of the proton, neutron, and pion. Then the parity of the initial 
state of both reactions is 11/ - n^n^n^-. Because of angular momentum 
conservation, the two neutrons in the final state of the first reaction must have 
/ = 1 . The only antisymmetric nn state with / = 1 has L = 1 , so that the parity 
of the final state of the first reaction n| a) = -Ul = -1. In the final state of (b), 
all particles have very low momenta since m^- — ra^o , and the deuteron binding 
energy is only 2 MeV. The overall / = 1 is therefore achieved by having as few 
particles in states with orbital angular momentum as possible: the nn pair can 
be in the L = state, in which case ir° has / = 1, or the nn pair can have 
L = / = 1, and tt° has / = 0. In either case Il} b) = -U 2 n U^o = -II^o. 

Since the first reaction is observed but not the second, n^n^n^- = -1, 
whereas U p U n Il n - ^ -II^o. This requires 7r° to have odd intrinsic parity, 
whatever the parities of p, n, or ir~, a fact that has been confirmed by a study 
of polarization of the photons in the decay 7r° -» 2y. We are then left with 
U p U n - -II,,.- ; we can therefore choose/? and n to have the same parity (either 
even or odd), and tt~ to have odd intrinsic parity like 7r°. This is the usual, and 
most convenient choice. On the other hand, one could also use the awkward 
convention U p = -II„, 11^* = 1, which, if used consistently, does not lead to 
any contradictions. (In terms of quarks, this convention would assign opposite 
intrinsic parity to u and d.)J 

It is natural to ascribe to the nearly degenerate tt triplet a total isospin 
/ = 1, so that 7r + , 7T°, 7t" are assigned to I 3 = 1, 0, -1, respectively. If the 
charge formula (1) is to hold, Y must vanish for pions. We already know that 
all mesons have B = 0, or they could not be emitted in transitions between 
baryon levels. All pion-related reactions are also consistent with the assign- 
ment of 5 = C = to 7r's, so that the charge formula does indeed hold. Since 
the pions' only attribute is isospin, charge conjugation has the effect of 
replacing I 3 by -7 3 ; hence 7r + and tt~ are each others antiparticles, 
whereas tt° (like the photon) is its own antiparticle. 

A simple example of pion emission is the transition from the lowest A-state 
(mass 1232 MeV) to the nucleon N. As we saw, the A is an / = \ quartet with 
Q = 2, 1, 0, — 1. Therefore, the transitions A — > N will be accompanied by 
the emission of pions of different charges. Figure 7 illustrates these transi- 
tions. This lowest-lying A has spin / = f , whereas iV has / = \ and I - \. 
Indeed the pions carry away a unit of isospin, and also a unit of angular 
momentum. The latter comes from the fact that they are emitted in p-states 
(orbital angular momentum / = 1). The mean life of this lowest A is 
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Fig. 7. Transitions from the four A-states to the two nucleon states by the emission of a pion. 



0.4 x 10" 23 sec. This corresponds to a width of 155 MeV, which is about half 
the A-iV level spacing. 

We now come to the kaons; there are four distinct i£-mesons which form a 
nearly degenerate multiplet of about one-half the nucleon mass (see Table 2). 
As with the 7r's, they have zero spin and odd intrinsic parity. The charged K's 
decay into pion and lepton pairs, the neutral K's into pion pairs, with 
lifetimes in the 10~ 8 to 10" 10 sec range. Although it is not immediately 
obvious, the pion pair decay modes are also weak processes (see §9). 

The four K's have the charges 1, 0, 0, -1, and therefore it is not so clear 
how one is to assign their quantum numbers. A clue is provided by the 
observation that when a baryon emits or absorbs one K, its isospin always 
changes by half a unit, A/ = \. Consequently, we assign / = \ to the four 
K's, and that immediately implies that^ they form two isodoublets: K 3= 
(K+,K°), and their antiparticles K = (K°,K~), where in each doublet the 
first member has I 3 = \, the second I 3 = — j, in accordance with the 
definition of charge conjugation in §C5. 

If the charge formula (1) is to apply to the kaons, we must ascribe a 
quantum number beyond isospin to them. This role is played by strangeness; 
we assign 5 = 1 to the X-doublet, and S = -1 to the ^-doublet. The two 
neutral kaons, K° and K°, are therefore distinct, having 5 = 1 and -1, 
respectively. As mentioned before, strangeness has a significance that goes 
beyond the applicability of (1): as we shall learn in §4, it is a quantum number 
conserved in strong interaction processes. 

The D-mesons bear a considerable resemblance to the K's. They also have 
spin zero and odd intrinsic parity, and the same charges, 1, 0, 0, -1. While 
they have the large mass —1870 MeV, they are also nearly degenerate, and 
have long lifetimes of about 10" 13 sec (see Table 2). The distinction between 
D's and K's is that the former carry a unit of charm, and no strangeness, while 
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the K's carry strangeness but not charm. The D's also are isotopic doublets 
(/ = \). In addition, there are the F-mesons, with both strangeness and 
charm, but no isospin. Though they are isosinglets, they are charged (F ± ). 
Finally there are the very heavy 2?-mesons, which carry one unit of the 
quantum number SS, and like K and D are isodoublets. 

(c) The meson spectrum 

The nucleon is merely the ground state of a complex spectrum that we 
called the baryon spectrum. In an analogous manner, the 7r's are the 
lowest-lying members of the meson spectrum. As we saw, they have / = 0", 
/=1,S = C = 0. Most other mesons with 5 = C = are excited states of 
the pion; examples are p(J = 1~, / = 1), <o(J = 1~, / = 0), and the other 
levels shown in Fig. 8. The K'& also have excited states with the same 
strangeness (5 = 1), the lowest being K*, with/ = 1" and / = \, and there is 
an analogous / = 1~ excited state of the charmed meson D, called D*. 

All of these excited states can return to lower states by emitting pions:* 
p -* 7T7T, (o -* 37r, K* -* Kir and D* -* Dtt. They do so with rates that 
are large, i.e., with lifetimes that are of the order of the hadronic time scale of 
10" 23 sec, and these are therefore transitions caused by the strong interaction. 

In addition to these fast decays, there are very slow decays, such as 
K + — > 7r°e + v or D + — > K°e*v, which are forbidden for the strong interac- 
tion, because they involve a change of 5 and C, respectively; indeed, these 
decays are due to the weak interaction. There are also rather faster 
electromagnetic decays, such as a) — > 7r°y. 

As with the spectra of the nucleus and the baryon, all these mesons are 
interconnected by some combination of strong, electromagnetic, or weak 
decays, and can be viewed as the excited levels of a single system, the meson. 



4. Conservation of isospin, strangeness, charm, and baryon number 

Nuclear physics has taught us that the isospin is not just a convenient way of 
labelling nearly degenerate groups of states; the total isospin / of a nuclear 
system is nearly a constant of motion because the nuclear forces are invariant 
under rotation in the isospin space (recall p. 50). The electromagnetic and 
weak interactions do not share this symmetry, however, and a nucleus can 
change its isospin by emitting a photon or lepton pair. All this carries over to 
the subnuclear realm, though with greater precision, since here we do not 
deal with systems like complex nuclei where the electrical forces are 
comparable to nuclear forces. Hence the conservation of isospin provides 
severe constraints on all reactions involving hadrons. 



* We use the conventional abbreviation for reactions by writing K* -*> Kit instead of 
K* -*> K + it, ttN -*> Ap instead of7r + iV-*A + p, etc. Charges are often not shown explicitly, 
but charge conservation is always understood. 
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Fig. 8. The meson spectrum, with the quantum numbers displayed as in Fig. 6. Because of the 
large mass range, the figure is broken into three parts. The so-called "light" mesons are shown in 
(a). These have only the flavor / 3 and/or 5, or neither; as we shall learn they are distinguished 
from the "heavy" mesons in (b) and (c) in that they only have the "light" quarks u, d, and s as 
constituents. Charmed mesons (C = 1 or -1), and the related C = if/ family, are shown in (b); 
the former contain acorc quark, the latter a cc pair. The heaviest known mesons are shown in 
(c)._They too come in two varieties: The B-mesons, which have_one unit of 2S, and contain a b 
or b quark, and the Y-family, with $* = 0, composed of a bb pair. 



Isospin conservation has many consequences for reactions and decays that 
are mediated by strong interactions*. One example is the absence of 
transitions from one A-baryon to another via pion emission, since the A's 
carry zero isospin. Other examples are quantitative relations (see §111. A. 6, 
Vol. II) between the probabilities of pion emission in the various 
A(1232) -* N transitions shown in Fig. 7. These, and many other conse- 
quences of isospin conservation, have been verified experimentally. 

* As we will see, the weak interactions can cause pion emission without conservation of 
/-spin or strangeness. However, these emissions occur with very small probability. 
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We shall now establish our claim on p. 64 that 5 and C are additive 
quantum numbers that are conserved in strong interactions. Since K's have 
5 = 1, this would require that an initial 5 = state, as in 7rN or AW 
collisions, could not lead to the production of a single K without other 
particles having 5 = -1. Thus ttN -> KN is forbidden, whereas ttN -> KKN 
is allowed. The data confirm this: the former reaction is never observed, even 
in large statistics experiments, whereas the latter is no rarity. If we examine 
the baryon table (Table 1) we see that A and 2 are baryons with 5 = -1, and 
therefore ttN — > KA and ttN — > KX are allowed, and they indeed have 
appreciable cross sections. 

One may ask whether conservation of 5 is really required to understand 
these facts: Since K and 7rhave I - \ and 1, respectively, /-spin conservation 
forbids ttN — > KN. The answer to this is provided by the two reactions 

ir-p-*K + X-, (2) 

7r-p-*K-?. + . (3) 

Here the states have half -integer isospin, so isospin conservation cannot rule 
out either process. On the other hand, 2* both have 5 = -1, whereas K* 
have 5 = ±1, so that (2) conserves 5, whereas (3) does not. Once again the 
data show that (2) is a copious process, whereas (3) never occurs. This is 
called the phenomenon of associated production: if the initial state (e.g., ttN 
or AW) has zero strangeness, any produced strange particle must be accompa- 
nied by another of opposite strangeness. Figure 9 shows an example of 
associated production, as well as the subsequent weak decays of the strange 
particles produced in the collision. 

Conservation of strangeness forbids any decay by pion emission that leads 
to a change of strangeness, such as A — > ttN, H — > 7rA, and ft — > 7rE. These 
examples are also forbidden by isospin conservation since / changes by half a 
unit. However, transitions such as H — > Ntt would not be forbidden by 
/-conservation, but are excluded because A 5 = 2. But conservation of 5 
allows decays such as A — > KN, 2 — > KN, a — > KA, and ft — > KB. Indeed, 
these /^-emissions occur copiously for excited A, 2, and H's (no excited ft has 
yet been found), but not for the lowest ones. Among the lowest baryon states 
N, A, 2, H, and ft, the pairs of states that differ by one unit of 5 have a 
difference in mass smaller than the i£-mass. Therefore these lowest baryon 
levels are stable with respect to the strong interaction, and only decay slowly 
via the weak interaction. 

Note the difference between forbidden processes that occur as collisions, 
like 7rN-* KN, and those that occur as decays, like A— > ttN. Collision 
processes mediated by weak interactions, such as ttN '-* Air, are usually 
unobservable because of the enormous background from allowed hadronic 
processes. On the other hand, the weak decay of a particle that cannot decay 
via the strong interaction is easily observable by waiting long enough. 
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Fig. 9. A bubble chamber photograph of associated production, ir~p -» K°A°, followed by the 
decays A -* pir~ and K° -» tt + tt~ . The incident tt~ track is indicated by the arrow. This event 
took place in the Berkeley 10 in. hydrogen chamber (Crawford, 1957). 



Hadrons that only decay weakly can be seen in a bubble chamber (see Figs. 9 
and 33). When they ajre charged they leave a visible track before they decay; 
when they carry no charge, the decay takes place far from the point of 
creation. One can even make beams of weakly decaying particles and study 
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their collisions before they decay (e.g., tt,K,A). Hadrons that decay strongly 
don't live long enough to leave a track, or to form a beam. 

We shall not say much about the evidence for conservation of charm in 
strong interactions. The D -meson may suffice as an example. The most 
striking property of D is that it is long lived (~10~ 13 sec) despite the large 
number of available decay channels made accessible by its large mass. For 
example, D cannot be an S = 1 isodoublet, for then it would decay strongly 
into Kit. It therefore is necessary to assign to D a quantum number that is not 
carried by pions or kaons, and it must be conserved in strong interactions. 
This quantum number is charm. 

To summarize, I, S, and C are conserved in strong but not in weak pro- 
cesses. The observed decays A — > Ntt, K-> tttt, and K^> lepton pair, all 
violate conservation of 5 and /, while D — > Ktt and D — > K + lepton pair 
violate C. All these decays have lifetimes enormously long compared to 
1(T 23 sec. 

Finally, we come to conservation of baryon number B. Insofar as we now 
know, this is absolutely conserved, for if it were not, the proton could decay 
as, for example, in/?— »e + 7r°, or/?— > e*vv. The current lower limit on the 
proton lifetime is ~ 10 31 years, which is far longer than the lifetime of the 
universe. Nevertheless, there is now an extensive search for proton decay 
stimulated by some intriguing theoretical conjectures (see §13). 



5. Quarks 

(a) General remarks 

We believe today that the great complexity of hadronic phenomena is due 
to the fact that hadrons, like atoms or nuclei, are composite structures built 
up from a small number of structureless objects called quarks. At first it was 
thought that these new "elementary" particles only provided an elegant and 
compact way of classifying hadronic states, but mounting evidence indicates 
that the quark model has a deeper dynamical significance. Virtually all of 
hadronic physics — spectroscopy, weak and electromagnetic decays, collisions 
with electrons or neutrinos, and hadron production in e*e~ annihilation — 
can be understood to a remarkable degree in terms of the quark model. 

Strong evidence for the existence of quarks inside the nucleon is provided 
by a group of experiments called deep inelastic scattering.* In these experi- 
ments, electrons, muons, and neutrinos of high energy (15 to 200 GeV) 
collide with nucleons, and one selects "deep inelastic" events, i.e., where a 
large amount of momentum and energy is transferred to the nucleon. The 
incident particles are scattered through angles much larger than expected 
from a continuous distribution of charge within the nucleon. This result can 
be interpreted as due to the presence of objects within the nucleon, having a 

* For a detailed treatment see Chap. V, Vol. II. 
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size far smaller than it, just as the presence of an atomic nucleus was inferred 
from the large-angle scattering of a-particles. The wavelength of the incident 
beam sets the resolving power; at this time the upper limit on the size of these 
constituents of the nucleon is of order 10" 16 cm, or ~10 3 times smaller than 
the nucleon's dimensions. These experiments also show that these constit- 
uents have spin \. Thus charged point-like fermions have been "seen" within 
the nucleon, in the sense that any seeing consists of an analysis of particle 
collisions, such as of photons in the case of visual observations. 

Another development that has lent great credence to the quark model was 
the discovery of two families of mesons that have an excitation spectrum that 
is quite similar to that of the hydrogen atom. These are the iff and Y families, 
shown in Fig. 8. As we shall see in §6(e) and §111. B (Vol. II), the quark 
model can account for these spectra in quantitative detail. 

The theory of the strong, electromagnetic, and weak interactions also 
becomes more elegant and powerful when it ascribes the basic hadronic 
degrees of freedom to quarks. 

The remainder of this book treats hadrons in terms of the quark model. It 
is by no means certain that the quark model, in its present form, represents 
the ultimate theory of hadronic structure. Many questions remain open, the 
most pressing probably being whether quarks exist in isolation, or only bound 
inside hadrons. But the model is so successful that many of its concepts are 
expected to survive in the ultimate theory. 

(b) Basic assumptions 

1. Quarks, denoted by q, are spin-^ particles. It is necessary that at least 
some #'s be fermions, since we must be able to combine them into 
objects of half-integer spin (baryons), and also of integer spin (mesons). 
The assumption that all #'s have / = \ is the most economical. 

2. The baryon is composed of three quarks, written as qqq. The baryon 
spectrum corresponds to the various quantum states of the qqq system. 
Since the baryon number B is additive, we assign B = ^ to all quarks. 
Antiquarks q, with B = — 5, are therefore distinct from quarks. 

3. The meson is composed of a quark and antiquark, qq , and therefore 
has 2? = 0. The meson spectrum corresponds to the states of the qq 
system. As its constituents can annihilate, this accounts for the fact that 
there are no absolutely stable meson states. 

4. Hadrons are characterized by the additive quantum numbers I 3 , 5, and 
C. As hadrons are either qqq or qq composites, we must assign 
appropriate values of I 3 , 5, and C to quarks. The most economical 
assignment is to assume five distinct quark types: 

(a) A pair of quarks, u and d, that carry only isospin, but none of the 
other quantum numbers. Thus (u,d) are an I = \ doublet, with u 
standing fpr "up," or I 3 = \, and d for "down," or I 3 = -\\ (d, u) 
is the antidoublet. All have 5 = C = 0. One often refers to u and d 
as "ordinary" quarks. 
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(b) The strange quark s, which carries strangeness, but not charm or 
isospin. It is most convenient to assign 5 = -1 to s. 

(c) The charmed quark c, which carries charm, but not strangeness or 
isospin, and to which one assigns* C = 1. 

(d) A fifth** quark b, which carries none of the quantum numbers 
listed thus far (i.e., / = S = C = O), but has yet another attribute, 
28. This quark is required by the Y-family, and the 2?-mesons, 
shown in Fig. 8(c). It is very important in a restricted, though 
significant, set of phenomena to be discussed in §6(e) and §111. B 
(Vol. II), but it is irrelevant to most of hadronic physics. 

Table 3 compiles these assignments, as well as other properties of quarks 
that will be discussed below. It has become customary to use the term flavor 
for the attributes I 3 , 5, and C that distinguish the various quarks. 1 The 
antiquarks have the opposite flavor. Thus qq states such as uu or cc (and 
linear combinations of any of these) are flavor-neutral states. At times we 
shall also use the notation q h where the subscript denotes one of the flavors u, 
d, s, or b\ q t then has the opposite flavor. 



Table 3 
Quarks 


Type (flavor) 


up 


down 


strange 


charmed 


Symbol 


u 


d 


5 




c 


Spin 


i 


\ 


i 




h 


Charge 


s 


-h 


-i 




\ 


Isospin / 


* 


i 










h 


h 


-i 










Strangeness 








-1 







Charm 













1 


Baryon number 


* 


\ 


i 




i 


Effective mass 
(approx.) in MeV 


m 


m 


m + 150 


m 


+ 1500 



Here we do not list the fifth quark b, which is firmly established. It has an effective 
mass ~5 GeV, and Q = — J, and is contained in the mesons shown in Fig. 8(c). A 
sixth quark, t, is expected on theoretical grounds (see §12); at this time (1983) we 
know that m t ^ 20 GeV. The masses m of u and d are probably very small 
compared to the proton mass. 



* It is a historical accident that s has negative strangeness, whereas c has positive charm. 
** There are strong theoretical arguments for the existence of a sixth quark, called t\ see §12. 
+ In this language, the established b- and conjectured f-quarks carry two new flavors; that 
carried by b is called 2ft by us, and has the value 1 for b. 



5. QUARKS 77 

(c) Quark charges and masses 

The additive nature of all quantum numbers in the charge formula (1) 
means that it must apply to the quarks themselves.* Substituting B = 3, and 
our assignments (a)-(c) in the preceding list, into the charge formula (1) 
yields 

6_ 1 , 1 .1 _ 2 
u-2 + 2'3-3, 

e* = -* + *•* = -*, (4) 

Thus quarks have fractional charges whereas, by construction, all baryons 
<li<lj<Ik> anc * a H mesons qfij, have integer eigenvalues of Q. This remarkable 
property of quarks has stimulated many searches for fractionally charged 
particles. So far these searches have failed, with the exception of one 
experiment that has reported fractional charges on macroscopic bodies.** 

Since only the ordinary quarks u and d carry isospin, all isospin properties 
of hadrons must come from these quarks. By the same token, any property of 
a hadron that depends on its strangeness or charm must be due to its having 
s ox c quarks as constituents. 

A few words are necessary concerning the masses of quarks. The mass of a 
particle can only be precisely defined by its energy when it is a free particle. 
Since isolated quarks have not been observed, it is difficult to give a precise 
meaning to their mass. As we will see, the mass differences between quarks 
are more meaningful, though even here some ambiguities will remain. That is 
why Table 3 indicates only approximate mass differences. 

The problem of the quark mass is somewhat analogous to phenomena that 
arise in condensed matter physics. An electron moving through a solid 
behaves as if it had an "effective" mass m eff that can differ appreciably from 
the true mass m. Furthermore, m eff may depend on the particulars of the 
motion, because (m eff - m) is really due to interaction between the electron 
and the bodies in its neighborhood. By the same token, all masses of quarks 
are "effective," since they are ascertained from phenomena where the quark 
is interacting with other quarks. For that reason, the mass that emerges from 
an analysis of the hadron level scheme may differ appreciably from that which 
is appropriate to, say, a weak decay. Despite these caveats, several things are 
clear: the mass of the c-quark, m c , is far larger than that of u, d, or s, and the 
s quark is rather heavier than u or d. There is considerable ambiguity 
attached to m u and m d \ these quantities are sensitive to details of the model 

* Note that the conclusions presented here depend on our "minimal" assumptions. More 
complex schemes, involving a larger number of quarks, can be constructed so that all g's are 
integers. 
** LaRue et al. (1981). 
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that are not fully established, though there is reason to believe that these 
masses (called m in Table 3) are very small compared to the proton mass. 

(d) Interactions 

As soon as one views hadrons as quark aggregates, it becomes necessary to 
specify how quarks participate in the strong, electromagnetic, and weak 
interactions. We have already learned (§4) that all flavor quantum numbers 
are conserved in the strong interaction. This global property of hadrons is 
guaranteed if we make the following assumption concerning the behavior of 
quarks: In a strong interaction process, a quark cannot change its flavor; 
furthermore, when the strong interaction causes the creation or destruction of 
quark-antiquark pairs, these must be flavor neutral. 

It is an established experimental fact that the electromagnetic interaction 
also conserves all flavors.* For example, the strangeness conserving decays 
2° -* A°y and K* -* Ky are observed, but not the AS = 1 transitions 
2 -* Ny and K-* iry. The same applies to charm: D* — > Dy is observed 
but not the AC = 1 transitions D — > iry and D — > Ky. This means that the 
quark transitions c — > uy and s — > dy are strictly forbidden, even though they 
violate no principle of electrodynamics. The preceding statement concerning 
the lack of change in the flavor distribution in a strong interaction process 
therefore holds verbatim for the electromagnetic interaction as well. The 
weak interaction is different, however; as we saw in §4, the flavor carried by 
hadrons sometimes (but not always) changes in a weak process. At the quark 
level this means that a quark may change its flavor in reactions caused by the 
weak interaction. 

There must exist strong forces between quarks which bind them together 
into hadrons, and which result in the strong interactions between hadrons. 
For example, the nuclear force must be a consequence of the forces between 
the quarks inside neutrons and protons, just as the chemical force is a 
consequence of the electrical forces between electrons and nuclei. We shall 
have much more to say about these forces in §7 and Vol. II, Chap. IV. For the 
time being it is only necessary to make the statement that the strong forces 
between quarks are independent of the quark flavors.** In particular, the 
members of the isodoublet (u,d) therefore have the same strong interactions. 
The u-d mass difference is small compared to all hadron masses, so there 
is virtually complete symmetry between the members of this doublet. The 
observed isospin invariance of the strong interaction is an important conse- 
quence of this symmetry.^ 

There is another symmetry, though not exact, that is also of considerable 
importance in hadronic spectroscopy. The mass splitting between s on the one 

* The electromagnetic interaction conserves 7 3 , but not 7, as discussed in §8(a). This is in 
keeping with our definition of flavor in §5(b). 

** Note that while the strong and electromagnetic interactions both conserve flavor, the 
latter is flavor dependent, since the flavor of a quark determines its charge. 

+ Flavor independence is a consequence of the invariance principle that underlies QCD 
[see §7(a)], but the small u-d mass difference is not understood at this time. 
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(a) (b) 

Fig. 10. (/ 3 ,5) diagrams for the u, d, s quarks; (a) for quarks, (b) for antiquarks. 

hand, and (u,d) on the other, is only of order 150 MeV, and this is small 
compared to typical hadron masses. Hence the triplet (u,d,s) can, to a 
reasonable first approximation, be viewed as degenerate in many circum- 
stances. This leads to the so-called flavor 5f/(3) symmetry, which we will 
exploit in §§6 and 7. On the other hand, the c- and 6-quarks are so massive 
that one can only treat them on an equal footing with the lighter three in very 
high-energy collisions. In spectroscopy, c and b stand apart from the others, 
and systems composed of such heavy quarks (especially cc and bb) must be 
treated separately, which we shall do in §6(e). For that reason, the existence 
of c and b will usually be ignored in the following. 

It is useful to represent the three light quarks u, d, s (and all hadron states 
composed of them) in a graphical scheme. A two-dimensional diagram 
suffices, since each of the three quarks is specified by two "coordinates": I 3 
and 5 (or Y). Such a diagram is shown in Fig. 10(a), where -5 is plotted 
upward for convenience, and the isodoublet (u,d) lies on a horizontal line. 
Note that the choice of scales is such that an equilateral triangle results, i.e. , a 
perfect threefold symmetry. Such diagrams are particularly useful in the 
approximation where the three quarks are assumed to have equal masses. 

Figure 10(b) shows the triplet of antiquarks, i.e., the charge conjugates of 
the quarks in Fig. 10(a). The threefold symmetry is maintained. The trans- 
formation of q t — > q t is seen to be represented by an inversion through the 
center (7 3 = 0, 5 = 0) of the diagram, in accordance with our definition of 
charge conjugation in §C5. 



6. Hadronic spectroscopy 

(a) Baryon and meson types 

We now draw some simple conclusions from the hypothesis that baryons 
consist of three quarks. If the three quarks are all of the u- and d-type, the 
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resulting baryon will carry the quantum numbers 5 = C = 0. If one, two, or 
three of the quarks are of the s (or c) type, the baryon will have 5 = -1, -2, 
-3 (or C = 1, 2, 3), respectively. No baryon with strangeness less than -3, or 
charm more than 3, is possible. The larger \S\ or C, the larger should be the 
mass, since s and c are supposed to be heavier than u or d. (This should be 
more noticeable in the case of charm.) All these conclusions are indeed 
fulfilled, although very little is known about charmed baryons, except that 
they are very massive. 

The hypothesis that three quarks constitute a baryon also explains the 
existence of the six groups of baryon levels with C = in Table 1. When 
5 = C - 0, all three quarks must be of the u- and d-type, having 7 = \; the 
combination of three isospins \ gives either 7 = f (A-baryons) or 7 = \ 
(iV-baryons). When 5 = -1, two quarks are of the (7 = ^-variety, giving 
7=1 (2-baryons) and 7 = (A-baryons). When 5 = -2, only one quark has 
7 = \, so that the E-baryons have 7 = \. When 5 = -3, no constituents carry 
isospin, giving the ft-baryons with 7=0. 

It is equally easy to predict the baryon groups for C ^ 0. Only baryons 
with C = 1 have been found thus far. In the 5 = case two quarks are of the 
(7 = ^-variety; they combine with the third c-quark to give 2 c -baryons with 
7 = 1, C = 1, and A c -baryons with 7 = 0, C = 1, in analogy to the 2- and 
A-baryons, where the third quark is s. 

All baryon groups in Table 1 are now accounted for. Baryons with C = 2 
or 3, presumably exist but have not yet been observed. There is a systematic 
increase of mass as (w,d)-quarks are replaced by s-quarks, and a large jump if 
the baryon contains a c-quark (see Fig. 6). 

Similar conclusions can be drawn from the hypothesis that mesons are 
quark-antiquark pairs. The quantum numbers of mesons with C = in 
Table 2 are readily understood. It follows immediately that the nonstrange 
mesons must have 7 = 1 or 0, since they consist of two 7 = \ quarks. We have 
a strange meson when one of the constituents is s or J , in the first case a 
meson with S = -1, in the second with 5 = +1. Both belong to isodoublets, 
because of the nonstrange quark with 7 = \. When both constituents are 
strange, the meson has 5 = and 7 = 0, since s and J have opposite 
strangeness. Thus we never get mesons with \S\ > 1, as is borne out by the 
facts. 

The same holds also for charm. There will be heavy mesons with 5 = 0, 
C = 1, namely cu and cd , which form an isospin doublet. Their antiparticles, 
with composition uc and dc, form an isodoublet with 5 = 0, C = -1. Mesons 
carrying both strangeness and charm have the composition cs and cs, and 
therefore are isosinglets with Q = 1 and -1 respectively; at the moment the 
only known examples are F + and F~ (see Table 2). 

There are also heavier mesons with 5 = C = 0, consisting of a charmed 
quark and a charmed antiquark. Examples are J/i//, x> Vo etc -> shown in 
Fig. 8. The Y's have the composition bb , where b is the most massive quark 
presently known (Fig. 8). 
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We now discuss hadron structure in greater detail. In the remainder of this 
section we will confine ourselves to those hadrons which consist of the three 
lightest quarks, i.e. the u, d, and s-types. These should represent the lowest 
lying hadrons, an expectation that is confirmed by the observed hadron 
spectra. 

(b) Meson nonets 

We begin with the mesons. Let the lowest quantum state be $(qq). 
Various choices of flavor for q and q will produce different mesons. What kind 
of states do we get? Assuming the wave function $(qq) to be symmetric in the 
space coordinates, as we would expect for the lowest states, the parity of all 
the states il/(qq) must be odd, since any fermion-antifermion system has odd 
intrinsic parity (recall §C6). Hence we obtain two sets of states, those where 
the spins of the quarks are parallel (/ = 1"), and those where they are 
antiparallel (/ = 0"). The first are called vector mesons,* the second 
pseudoscalar mesons. 

Mesons consisting of u and d (those with zero strangeness) correspond to 
the combinations given in Table 4, together with their charges and isospins. 
The charges are obtained by adding the fractional charges of the quark and 
antiquark. Since the u and d are the members of an isospin doublet, the quark 
pair will have 7=1 or 1 = 0. The three substates of I = 1 are ud, 
(uu - dd)/yjl, ud. The analogy with the p,n pair in Eq. D(8) is not 
complete since we now deal with a particle-antiparticle pair, whereas both p 
and n are particles. Since _the antiparticles have 7 3 's opposite to the particles, 
it is the combinations ud and du which have I = 1, I 3 = ±1, since each 
partner has the same I 3 . Another change from Eq. D(8) is found in the I = 1, 
I 3 = state.** In the particle-antiparticle case it is the combination 



Table 4 
Light mesons without s-quarks 



Combination 


du 


du 


2" 


"* (uu - 


dd) 
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~\dd + uu) 


Charge 




+ 1 


-1 














Isospin / 




1 


1 




1 









h 




+ 1 


-1 














Name: / = 



1 


7T + 
P + 


7T~ 




7T° 
P° 






V 

CO 



* An ordinary vector field (the electric field is an example) has quanta with spin 1 and odd 
parity. 

** The argument that^the (/ = 1, 7 3 = 0) state must be symmetric [see Eq. D(8)] does not 
hold here since ud and du are not symmetric either. Many authors use a phase convertion in 
which the I 3 = -1 state is -ud. 
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(dd + uu)/Jl which is invariant under rotations, and therefore this is the 
7=0 state; the orthogonal state (uu - dd)/Jl has I = 1, I 3 = 0. 

The four combinations in Table 4 represent the isotriplet 7r + 7r°7r~, and 
the isosinglet tj, when the spins are opposed (pseudoscalar mesons). When 
the spins are parallel (vector mesons) they represent the isotriplet p*p°p~, 
and the isosinglet co. Since the quark interactions are invariant under isospin 
rotations, the components of the isotriplets should have essentially the same 
mass. This is indeed true for the three pions and the three p-mesons. The 
small mass differences, of the order of a few MeV, can be understood as being 
due to their differing electromagnetic energy. 

Next consider mesons in which one of the quarks or antiquarks is strange. 
There are five such combinations, as listed in Table 5. The isospin comes 
solely from the u or d quark. Again the members of the isodoublets have 
almost equal mass (see Table 2). The charges of the mesons in Table 4 and 
Table 5 fulfil the relation in Eq. (1), since B = for mesons. 



Table 5 
Light mesons containing s-quarks 


Combination 


us ds su 


sd 


ss 


Charge 
Isospin 

h 
Strangeness 

Name: / = 
/= 1 


+ 1 -1 

* * h 
+i -* -* 

+ 1 +1 -1 

K + K° K~ 

i£*+ fc*o K*~ 




* 

+* 
-1 
K° 







v' 



Altogether we have obtained nine qq combinations, a nonet, with antipar- 
allel spin (/ = 0", pseudoscalar mesons), and another nonet with parallel 
spins (/ = 1", vector mesons). This accords well with the observed low- 
mass meson spectrum. The pseudoscalar nonet comprises the pion isotriplet, 
the K and K isodoublets, and the two isosinglets rj and rj'. The vector 
nonet contains the p-triplet, the K* and K* doublets, and the singlets co 
and <f>. 

In each nonet there are three linearly independent states having 
I 3 = S = 0: uu, dd, sJ. If the quark masses were equal, these would be 
degenerate, and therefore small perturbations can cause large mixings. There 
are two such perturbations: the quark mass differences themselves, and the 
spin-dependent forces that raise the / = 1" states above the 0". In the case of 
the vector nonet, it turns out that the mass difference is the decisive 
perturbation. It leads to eigenstates for vector mesons with I 3 = S = as 
given in Tables 4 and 5, where <f> = sY is one of the eigenstates. In the 
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Fig. 11. (/ 3 ,5) diagrams of mesons; (a) the nonet with zero spin (pseudoscalar mesons); (b) the 
nonet with spin 1 (vector mesons). 

pseudoscalar nonet, the eigenstates for rj and rj f have a somewhat different 
linear combination.* 

Figure 11 shows the 0" and 1" nonets on the I 3 vs. 5 plot used previously 
for quarks (Fig. 10). These diagrams have several interesting features. They 
are hexagons, i.e., have threefold symmetry, reflecting the equivalence of the 
three quarks of which the mesons are composed. Isomultiplets lie on 



* There are I17) = 6~* (uu + dl - 2ss), and I17') = 3~* (uu + del + ss). The approximate 
symmetry between u, d, and s (SU 3 flavor symmetry) mentioned on p. 79 leads to these states. It 
was once customary to split the meson into an octet and a singlet. This is natural if flavor SU 3 
symmetry is used to construct the basic states, but in most cases the quark basis works better, in 
which case the octet-singlet split is somewhat artificial. 
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horizontal lines, e.g., the K°K* doublet and the 7r + 7r°7r~ triplet. Horizontal 
displacement by one unit corresponds to substituting a u quark by a d quark 
(or vice versa). Similarly, displacement parallel to the tilted sides corresponds 
to (u,s) and (d,s) interchange, as is already evident in the quark diagrams, 
Fig. 10. Mesons of the same charge Q (say K + and 7r + ) lie always on the same 
line at 60° to the I 3 axis. One point of the diagrams, the origin at J 3 = 5 = 0, 
has "triple occupancy": 7r°, tj, t/', and p°, o>, and <f>. This is the previously 
mentioned threefold degeneracy for I 3 = 5 = 0. The antiparticles of the 
mesons appear always at diametrically opposite points of the figure. The three 
mesons at the center are their own antiparticles. 

The masses of these mesons are plotted in Fig. 12. The mesons containing 
ordinary quarks are always lightest. Substitution of s quarks raises the mass. 
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Fig. 12. Spectrum of the lowest meson states, showing two octets (enclosed by broken lines) and 
two singlets. Together they form the pseudoscalar (antiparallel quark spins tl) and vector (tt) 
meson nonets. 
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Obviously strong spin-spin forces must exist, since p mesons are so much 
heavier than tt mesons, although they differ only in the relative direction of 
the quark spins. The mass differences between mesons containing s-quarks, 
and those that do not, are not necessarily equal to m s - ra ; the higher mass 
of the s-quark makes its motion less relativistic, and that also has an influence 
on the energy of the meson. 

This completes our discussion of the lightest meson states. All observed 
states have precisely the quantum numbers expected from the quark model, 
and the model does not predict unobserved states. 

There are also higher states of the qq system with nonzero orbital angular 
momentum L. Each given orbital momentum must be represented by the 
same nine combinations of u, d, and s quarks just discussed for the L = 
case. When the two spins are parallel, their total spin 5 = 1 combines with 
L to/ = L ± 1, and/ = L. An example where all nine mesons are identified 
is the L = 1, / = 2 + nonet. 

One can group the meson states of different L into families which are just 
rotational excitations of the lightest L = meson, with all quantum numbers 
other than L fixed. These families have some similarity to the rotational 
"bands" of molecular or nuclear spectroscopy. The data also show that the 
mass-spin relation is extremely simple: m 2 <* /. The largest well-established 
rotational family is shown in Fig. 13. 



6 


- 




I 


""""! 


- "I 1 — 


1 S 


4 










S/'^ 




J 








§s 




- 


2 




P s 


A 2 . 






- 







1 


L, 


1, 


_J - ,JL „■ 


i 



(Mass) 2 in (GeV) 2 

Fig. 13. Rotational excitations of the p -meson, showing the linear relationship between / and 
(mass) 2 . Such a plot is called a Regge trajectory. The levels above the g-meson are not fully 
established. 
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(c) The necessity of color 

The baryons consists of three quarks. We will see again that simple 
combinations of three quarks correspond to the low-lying observed baryons. 
There exists a lowest bound state for three quarks which we call (A(123), 
where 1, 2, 3 stands for all coordinates (position, spin, and flavor) of each 
quark. Here we shall encounter a remarkable situation, because we will only 
be able to reproduce the observed low-lying levels by making a seemingly 
contradictory assumption: the baryon ground state </f(123) must be com- 
pletely symmetric under the exchange of quarks. This is puzzling since quarks 
have spin \, and therefore should have antisymmetric states, obeying the 
Pauli principle. 

The mesons do not present us with this problem since they contain only 
distinguishable particles; hence the Pauli principle is irrelevant to their 
spectroscopy. Baryons, on the other hand, contain identical fermions, and 
then the Pauli principle excludes symmetric states. 

Striking evidence for the symmetry of baryon states is provided by baryons 
containing three identical quarks, such as uuu. The lightest baryon of this 
composition is A ++ (1232), with / = \ + . Several experimental observations 
show that its wave function is symmetric in the spatial coordinates, and has no 
nodes. Therefore L = 0, and the total angular momentum J — \ must be 
entirely due to the spins. This spin state is itself symmetric, giving a wave 
function that is completely symmetric in all variables, including flavor. This 
example illustrates a large body of data* indicating that all baryon levels have 
wave functions that are fully symmetric in space, spin, andflavorl 

We are therefore faced with several drastic alternatives: to discard the 
quark model; to abandon the Pauli principle; or to ascribe further degrees of 
freedom to quarks. As the first two are impalatable, we explore the third. 
This option can be understood by imagining situations that could have arisen 
had the exclusion principle been discovered before electron spin. The 
knowledge that the He ground state has two electrons in the same spatial state 
would have forced the introduction of a two-valued variable for every 
electron, with which one could then have formed an antisymmetric (opposite 
spin) wave function in these new variables. 

Taking this clue, we introduce a new discrete variable called color, which is 
to be ascribed to all quarks, whatever their flavor. Since A ++ has three quarks 
in identical space-spin states (and not two, as in the He example), the 
exclusion principle requires us to ascribe three possible values to the color 
variable. Baryon wave functions are then a product of a symmetric space- 
spin-flavor wave function, and an antisymmetric color wave function.** If we 

* The radiative transitions yN -» A provide experimental evidence that the spatial wave 
functions of A(1232) and the nucleon are the same. Furthermore, elastic eAf scattering determines 
the nucleon charge distribution (see Vol. II, §111. A. 1), and does not indicate any zeros. It 
would also be difficult to construct forces for which the lowest state is not spatially symmetric. 

** Just as the Pauli principle must be generalized to include the isospin variable in nuclear 
physics (recall §D.2), so must the color variable be incorporated in hadron states, which then are 
antisymmetric under exchange of space, spin, flavor, and color. 
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Fig. 14. The two possible orientations of a conventional spin (or isospin) are depicted in (a). The 
state formed when two such spins are combined to form spin zero is symbolized in (b). The 
possible orientations of a tri-valued "color spin" are shown in (c), while (d) symbolizes the color 
singlet state, i.e., the baryon state with zero net color. 



call the three colors red (r), yellow (y), and blue (b), this color state is 



V6 



[r x y 2 b 3 + yib 2 r 3 + b x r 2 y 3 - y x r 2 b 3 - r x b 2 y 3 ~ b 1 y 2 r 3 ], (5) 



where, for example, y 2 means that the second quark is in the yellow state. 
The three internal colors can also be regarded as the eigenvalues of a 
tri-valued color "spin" (see Fig. 14). The state (5) is the one in which the 
color "spins" add to zero, and we may therefore say that it has total color 
zero. This state is the analogue of the singlet spin state of a two-particle 
system, where each particle can be in either of the spin states a and /3: 

|O> = -y=(ai0 2 -jBi<*2). 

This singlet has total spin zero and is antisymmetric. The state (5) is also 
called a color-singlet. The term "singlet" has the following significance. We 
remember from §D.2 that |0) is invariant under unitary transformations in the 
space % 2 spanned by a and /3, and is therefore a singlet, not a multiplet. The 
color state (5) is invariant under unitary transformations in the space % 3 
spanned by the three independent color states r, y, b, and is therefore also a 
(color) singlet.* Indeed, the statement "total color zero" expresses just that 
fact. 

There are color states other than (5) that can be constructed for three 
quarks, but they are not invariant under transformations in ^ 3 , It seems that 
nature requires three quarks to always be in the singlet state (5); naturally, 
nonsinglet states of very high mass cannot be excluded. 



* These and other related statements are proven in Vol. II, §IV.A. 



88 I.E. SUBNUCLEAR PHENOMENA 

What role does color play in the case of mesons? Since there is no Pauli 
principle problem, we need not dwell on this question here. Suffice it to say 
that the color wave function of a qq-system is 

1 
-^ (V* + b « b i + W) ( 5 ') 

where, for example, b q is the blue state of the quark, and bq the blue state of 
the antiquark. It is also a color singlet, since it is invariant under transforma- 
tions in* ^3 . We may again call it a state of color zero of the qq system. 

(d) Baryon octets and decuplets 

As in the case of mesons, we focus on baryons composed of the light 
quarks u, d, and s. We expect the lowest-lying baryons to have all constit- 
uents in the same orbital / = state, so that / should be entirely due to quark 
spins. As such states are symmetric in space, our hypothesis concerning the 
symmetry character requires these states to be symmetric under interchange 
of flavor and spin of any quark pair. We continue to designate this symmetric 
spin-and-flavor wave function by i/f(123), as for example ^(u^d^s^), where 
the arrows indicate the spin direction. 

The simplest case is / = \ , in which case all spins are parallel, and the state 
is symmetric in spin. Consequently it is also symmetric in flavor, so that 
\\t(uud) = \\f(udu) = (//(duu), etc. Since there are three flavors to choose 
from, there are ten distinct / = -§ states of the required symmetry: 

(/j(u^ U|U|) = A 4 " 4 " i/f(wf WfSf) = 2* + i//(u^s^s^) = H*° 

^r(KfKf</f) = A + lft(UfdfSf) = 2*° ^r(</fJfJf) = E*~ (6) 

i//(u^d^d^) = A ifj(d^d^s^) - 2*~ il/(s^s^s^) = ft" 

i//(d^d^d^) = A~ 

Here we use the notation 2* and H* to distinguish these/ = -§ states from the 
lower / = \ states having the same flavor. Insofar as isospin is concerned, 
note that the flavor symmetry immediately determines /: for states without 
s-quarks> we have three isospinors in a symmetric state, so /, like /, must be 
\ (A); states with one s-quark are symmetric in the other pair, and therefore 
have / = 1(2*). The remaining three states are obviously an isodoublet H*, 
and the singlet ft. 

[We now examine the detailed form of the wave functions </r in Eq. (6). Let 
(1,2,3) be a function of the spatial coordinates of three particles 1, 2, 3, which is 
symmetric under exchange of the particles, for example, the product of three 

* That the color state (5') is symmetric is related to the symmetric character of the isosinglet 
state of the qq system, 2~*(uu + dd). 
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identical functions of the coordinates of 1, 2, and 3. Each particle can have one 
of the three flavors w, d, or s. We denote by (uds) the state in which particle 1 
has flavor w, 2 has flavor d, and 3 has flavor s. In this notation only {uuu), 
(ddd), and (sss) are also flavor symmetric. So we have il/(uuu) = (uuu), etc. , for 
these wavef unctions. For other flavor combinations we must symmetrize. For 
example, for the uud flavor combination, the flavor symmetric form is 

1 
il/(uud) =—r^[(uud) + (udu) + (duu)]. 

The spin state depends on which member of the / = f multiplet we consider. 
In the state / = \, m - f , all spins are up: ( ttt)*> it * s obviously symmetric. In 
the state m = £, one of the spins must be down. The corresponding symmetric 
combination is: 

^■(tU + Ht + itt). (7) 

We get m——\ from m - \, and m = -f from m = f , by reversing all 
spins. Thus, more explicit expressions for the wave functions of the states (6), 
can be written as follows for the m = \ cases with / 3 5* 0: 

A ++ = (uuu)( ttt) 

1 
2* + =-^-[(wws) + (usu) + (sww)]( ttt) 

2*° =-^-[(uds) + (dws) + (wsd) + (dsu) + (swd) + (sdw)](ttt) 

E*° =-^-[(W55) + (5W5) + (55W)](ttt) 

(T =(m)(ttt) 

A product of the form (wwd)(ttt) means (u^u^d^) in the notation of 
Eq. (6); it is the symmetric space function (1,2,3), where particle 1 is a w-quark 
with spin up, etc. The states with negative / 3 are obtained by exchanging d with 
w; the states with m = \ result from replacing (ttt) with (7); reversing all spins 
gives the states with negative m.\ 

The baryon decuplet (6) is shown as an (7 3 ,5) diagram in Fig. 15. Because 
of the complete symmetry between the quarks in these states, it is an 
equilateral triangle, like the basic quark diagram Fig. 10. The observed 
baryon spectrum (Pig. 6) shows this decuplet very clearly. Within the 
decuplet, the A - 2, 2 — H, and H - ft mass differences are almost 
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Fig. 15. The baryon decuplet shown in an (7 3 ,5) diagram. All these states have / = f , so all 
quarks have parallel spins. The mass splitting is proportional to 5, and is approximately equal to 
the mass of the s-quark, as shown. 



identical (150, 150, and 141 MeV, respectively), and can be understood as 
being due to the additional (effective) mass of the s-quarks (see Table 3). 

What are other possible symmetric three-quark combinations? All three 
spins need not be parallel; we can have / = \ , which consists of two parallel 
and one antiparallel spin, \\\ . This combination is not completely symmetric 
in the spins, and therefore it cannot be completely symmetric in flavor either. 
Hence uuu, ddd, and sss are ruled out if / = \ ; the asymmetry in spin must be 
compensated by an asymmetry in flavor if the state is to be completely 
symmetric. 

First we examine the states without s-quarks. There are two possible flavor 
combinations: uud(Q = 1) and udd(Q = 0), and as/ = i, these are perfect 
candidates for p and n. Consider uud\ to make this symmetric in the «'s, we 
can also choose their spin state as symmetric, so that their spin ] uu -\. To 
this we must add J d = \ to give an overall / = \\ the detailed wave function 
is given below. This state is antisymmetric in the spins of the two possible 
(u,d) pairs, and also in their flavor, so as to give a totally symmetric state. 
Obviously the same argument applies to the udd combination. The states with 
two s-quarks can be analyzed in the same fashion: these two quarks must 
have parallel spins, and the u or d quark must have its spin opposed to give 
/ = \. As a result we get two isodoublets, one with 5 = 0, the other with 
5= -2: 



if/(u^ Wf d^) = N* - p 
\}/(d^d^u^) = iV° = n 



(K^s T s T ) = H~ 



(8a) 



The remaining / = \ combinations are uus, uds, dds. There are two 
possibilities: Either the two nonstrange quarks provide the total isospin 
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/ = 1, or / = 0. Because of the overall symmetry, the spin of the nonstrange 
quarks must be J m = 1 if / = 1, and J m = if / = 0; the spin of s is then 
added appropriately to give / = \. I = 1 has three substates, / = has one; 
hence, we get four other / = \ states, one isotriplet and one isosinglet: 

iftufdfSi) = IP ^{u^d^s^) = A (8b) 

il/(d^d^si) = 2~ 

[Let us construct the detailed form of the states (8a) and (8b). We start with the 
proton, t/f(wj Wf d\). We again make use of the symmetric function (1,2,3) of the 
space coordinates of three particles. The two-particle flavor combination 
2~* (ud - du) is antisymmetric; so is the spin combination 2"* (f J, - i|). 
Their product is symmetric and has the quantum numbers J ud = 0, I ud = 0. 
Adding another w-quark with spin up would give the state 

\\iudu) - (dwOKut - m) 

with / = m = \, and / = / 3 = \, as appropriate to the proton. But this state is 
not symmetric, because it singles out the third quark. We must symmetrize. For 
the proton with spin up this yields 

A{[(udu) - (dwOKHt " it!) + Muud) - (dwOKtU - it!) 

+i(uud) - (udumn - urn 

where A is a normalization factor. Here a product such as (Kdw)(tit) means 
(Wf djWf), which is the symmetric space function of the quarks as specified. 
Sorting out the different substates, we find that the m = \ proton state has the 
form:* 



p(m = i) = —= [2(Wf Wf dj,) + 2(rf| W|W|) + 2(Wf djWf) 

y lo 

- (w t W|rf t ) - (w t rf t W|) - (d t w t W|) 

- (W|W t d t ) - (W|rf t w t ) - (d t W|W t )]. 

The neutron (/ 3 = — £) is obtained by exchanging u and d ; the m = — £ states 
result from reversing all spins. 

* One arrives at the same expression by choosing another approach: one combines the 
symmetric two-particle flavor state uu(I = 1) with the symmetric spin state ft ( J - 1). Then one 
combines this state witji a single d-quark, such that the total / and / are -£, and thereafter 
symmetrizes. This technique was sketched in the paragraph preceding Eq. (8a). 
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Fig. 16. The baryon octet in an (/ 3 ,5) diagram. All states have / = i, hence one quark has its 
spin opposite to that of the others. The mass splittings are indicated on the right. 

We get the corresponding functions for other states of the / = \ octet by 
replacing some of the ordinary quarks with strange quarks. For example: 



/2 + \ 
1- 

\B"7 



by replacing 




in 



The explicit expressions for 2° and A are of a similar form, but somewhat more 
complicated.] 

There are altogether eight states listed in Eqs. (8). They comprise the 
/ = \ baryon octet. This octet is shown as an (I 3 ,S) diagram in Fig. 16. 
Except for a displacement along the 5- axis, and a twofold degeneracy at the 
center, it looks just like the meson nonet. But in contrast to the mesons, no 
member of a baryon multiplet (B = 1) is the antiparticle of another member. 

As the observed baryon spectrum shows (see Fig. 6), the lowest-lying 
states fall neatly into such an octet. The mass splittings are indicated in 
Fig. 16; once again, the mass increases with the number of s-quarks, but the 
splittings are not equal to each other, as in the decuplet. 

To summarize, all low-lying noncharmed baryons fit into two multiplets: 
the / = \ octet and / = -§ decuplet. These are precisely the spin-flavor 
combinations that we expect from the quark model provided we assume a 
totally symmetric space-spin-flavor state. The model predicts that these 
states have the same intrinsic parity, which also agrees with the data. 

A vast array of more highly excited baryon states exist,* as indicated in 
Fig. 6. Most of those just above the decuplet can be understood as states 



See Appendix I, and Close (1979). 
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Fig. 17. Rotational excitations of the / = f , / = §, state A(1232); see Appendix 1.8. As in the 
case of mesons (see Fig. 13), there is a linear relationship between / and (mass) 2 . This is called 
a Regge trajectory. 

where the quarks have nonzero orbital angular momentum. Among these 
excited states there are also rotational "bands." Some of the best established 
are shown in Fig. 17; they display the same linear m 2 - J relationship as the 
rotational "bands" of meson spectroscopy (Fig. 13). 

(e) Mesons composed of heavy quark-antiquark pairs 

The hadronic spectra we have discussed thus far can be understood in a 
qualitative manner in terms of the quark model: quantum numbers, level 
orderings, and multiplet structures, can be accounted for. But it is not yet 
possible to compute their energies and spatial wave functions without ad hoc 
models. There are, however, two hadronic families whose spectra have the 
same character as those of hydrogenic atoms, and which can be understood 
quantitatively. In so doing one also gains considerable insight into the forces 
between quarks, that is, into the primordial strong interaction. 

The hadrons in question are mesons built of heavy quark-antiquark pairs, 
a topic that we shall treat in detail in §111. B, Vol. II. Figure 8 shows two 
families of this type: the cc states rj c , J/i//, *, rj' c , i//, etc., and bb states Y, Y' 
etc. Their characteristic excitation energies are of order several hundred 
MeV, as in the light hadrons, but this is small compared to the masses of the 
ground states (~3 GeV for cc, —10 GeV for bb). Consequently, these are 
nonrelativistic systems,* and that is why they are amenable to an analysis that 
is both simple and quantitative. 



* This nonrelativistic nature can also be recognized from the smallness of the splittings due to 
qq spins: 17 c and J /if/ are the spin singlet (0~~) and spin triplet (1~~) cc ground states, separated 
only by 100 MeV, in ^contrast to the it - p and K - K* splittings of —600 MeV and 
~400 MeV, respectively. In atomic physics spin splittings are due to magnetic interaction, and 
are of order (vie) 2 . This is also believed to be the case with strong interactions. 
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If the motion is nonrelativistic the system can be described by a Schrodin- 
ger equation containing a static qq potential V. A simple potential that does 
this with very good accuracy, and which even has a -certain measure of 
theoretical motivation, has been found (see §111. B. 3 and §IV.D, Vol. II). 
This potential is plotted in Fig. 18; as the qq separation r tends to zero, it 




r in fm 

Fig. 18. The potential V(r) that represents the interaction of a heavy quark-antiquark pair, in 
particular cc and bb. The analytic form of the curve shown is motivated in §IV.C4 (Vol. II). The 
vertical bars show the rms radii of various cc and bb wave functions computed from this 
potential. 
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behaves approximately like a Coulomb potential (1/r), but at large r it rises 
linearly, and traps the qq pair, no matter what the energy. This confining 
property of V is supposed to account for the observation that quarks cannot 
be liberated from hadrons. The linear rise with r gives a constant force at 
large separation, and as we shall learn in §IV. D.4 (Vol. II), this leads to the 
linear m 2 - J relationship shown in Figs. 13 and 17. 

The spectrum computed from the potential of Fig. 18 is shown in Fig. 19. 
In the case of the i/f-family, all levels up to and including the / = 1 D -state 
have been observed. The correspondence between the states of Figs. 8 and 19 
is as follows: t/ c = l x 5, t/'c = 2*S, iff = 1 3 5, i// = 2 3 S,and* = 1 3 P. In the Y 
family the lowest four 3 5 states and the first two 3 P states are established at 
this time. The agreement between the spacings in the theoretical level 
scheme, and the observed mass spectra, is very good (see §111. B. 3, Vol. II). 
It is remarkable that the same potential reproduces both the cc and bb 
spectra, although the c and b masses differ by a factor of 3. This is one of the 
most clear-cut pieces of evidence that the strong forces between quarks do not 
depend on flavor (recall §5(d)). 

A considerable number of radiative dipole transitions between members 
of the i/f-family, and the Y-family, have been observed (Fig. 19 and Appen- 
dix I). The strengths of these transitions agree reasonably well with those 
computed from the wave functions associated with the potential V. The cross 
section for production of the & and Y levels in e + e~ annihilation can also be 
computed with considerable success from these same wave functions. 

7. The strong interaction field: quantum chromodynamics 

(a) General considerations 

If quarks are the basic hadronic building blocks, the structure of hadrons, 
and all "strong" processes involving them, must, ultimately, be due to 
interactions between quarks. The strong interactions must have the following 
properties in order to account for the observed facts, many of which were 
discussed in the three preceding sections: 

I. The strong interaction between quarks does not depend on their 

flavor. 
II. The strong interaction conserves the quantum numbers I 3 , 5, and C, 
as well as the flavor quantum number carried by b, the heaviest quark 
now known. If still heavier quarks exist, they presumably carry new 
conserved flavor quantum numbers. 

III. The forces between quarks must make it very difficult — perhaps 
impossible — to separate a quark (or antiquark) from a hadron, and 
they must be such that at presently available energies the only 
observed states have the composition qq, qqq, or combinations 
thereof, in color states given by Eqs. (5) and (5'). 

IV. For massive slowly moving quarks, the forces are represented by a 
potential having the form shown in Fig. 18. 
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Fig. 19. The low-lying excitation spectrum for a nonrelativistic quark- antiquark pair as inferred 
from the potential of Fig. 18. Nonrelativistic quantum mechanics gives a spectrum that only 
depends on the relative angular momentum L of the pair. Because of the analogy between QCD 
and OED (see §7 below), one expects that the strong interaction has forces analogous to the 
magnetic interactions which produce spin splittings in atoms (fine and hyperfine structure, see 
Vol. II, §11. C. 6). A state with a given L then splits into three levels with / = L - 1, L, 
and L + 1 when the total spin 5=1 (spin triplet); there is also another state with J = L when 
5 = (spin singlet). The states are designated by 25+1 L 7 , where 5, P, D, etc. stand for 
L = 0, 1, 2, ... , respectively. For L > 0, / is indicated for each level. In 5 states, where L = 0, 
there is no need to specify J since / = 1 for triplets and for singlets. 

_ The gross structure of the spectrum does not change significantly in going from the cc to the 
bb case (roughly a tripling of quark mass), but the spin splittings change appreciably. The 
splittings in this figure are enlarged for the sake of clarity; the observed ccspectrum is shown in 
detail in Vol. II, Fig. III. 22; our knowledge of these splittings in the bb system is still quite 
incomplete. Only 5-state spin singlets are shown, because it will be very difficult to find singlets 
with L > 0. 

As we shall learn in §8(c), the 3 5 and 3 D t states are directly visible in e + e~ annihilation. By 
this technique the first half dozen 3 5 states, and the 3 D t state shown here, have all been identified 
in the if/ family, while the lowest four 3 5 states have been found in the Y-family. All the indicated 
photon transitions in this figure have been detected in the if/ family. For further details, see 
Appendix 1.6 and §III.B(Vol. II). 
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What is the nature of the strong interaction? Gravitational and electro- 
magnetic interactions are successfully described in terms of fields that are 
produced by sources — energy in the first instance, charge in the second. 
Moreover, both of these interactions can be approximated by a simple 
potential (Newtonian or Coulombian) for nonrelativistic motions, but require 
the introduction of a field when the particles move with velocities comparable 
to the speed of light. It is tempting to describe the strong interactions in a 
similar way. We therefore make the following premise: There exists a 
strong-interaction field, which has its own degrees of freedom, and can 
propagate by itself. The quarks are sources and sinks of this field, and therefore 
the field mediates interactions between quarks. 

What attribute of a quark plays the role that the charge plays in the 
electromagnetic case? It should determine the strong field emanating from 
the quark, and its interaction with an externally applied strong field due, say, 
to a passing quark in another hadron. Clearly this attribute cannot be flavor 
or electric charge, for that would contradict (I) above. On the other hand, the 
baryon spectrum tells us that qqq states antisymmetric in color lie far 
(perhaps infinitely far!) below those having a different color configuration. 
This suggests the hypothesis that the strong interaction field is coupled only 
to the quark color. By this we mean that the field is the same for all flavors, 
and that a quark does not change its flavor when the field is emitted or 
absorbed. 

As we have seen in §6, all observed hadron states are color singlets; they 
are invariant under unitary transformations among the three quark colors. 
Hence our earlier statement (III) should be rephrased as follows: the 
interaction between quarks and the strong field must produce a strong bond in 
color singlets, whereas color states other than singlets must acquire a high 
{possibly infinite) mass. Among other things, this would account for the 
difficulty (impossibility?) of isolating quarks, because they are members of a 
noninvariant color triplet. The existence of a free quark would then require a 
high (perhaps infinite) energy. 

The recognition that color-invariant states are of such singular importance 
suggests that color invariance is a symmetry of nature. The field theory based 
on this symmetry, and on color as the source of fields, is called quantum 
chromodynamics (QCD). It is described in some detail in Vol. II, Chap. IV. 
In this volume we, will restrict ourselves to brief descriptions of the most 
salient features of QCD. 



(b) Quantum chromodynamics 

In many respects QCD is similar to quantum electrodynamics (QED). The 
strong field is also a vector field having "color-electric" and "color-magnetic" 
components. The field .quanta are called gluons. These correspondences 
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between QED and QCD can be summarized as follows: 

QED QCD 

electron quark 

charge color 

photon gluon 

positronium (e + e~) mesons (#1^2) 
The profound difference is that the QCD source has a trivalued quantum 
number, and is not a scalar as in QED. Emission and absorption of gluons is 
accompanied by changes in color. Color symmetry requires that the total 
color is conserved, and therefore it follows that the field must carry color, tool 
Field theories in which the "charge" can be transferred to the field are called 
"non-Abelian" theories. 

Figure 20 shows the fundamental vertices of QCD, just as Eq. C(12) gives 
the fundamental vertex of QED. Diagram (a) describes the transitions 
between a quark state and a quark-plus-gluon state or, if read from left to 
right, quark-antiquark annihilation into a gluon. At first sight this would 
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Fig. 20. The fundamental Feynman diagrams of QCD. The quark-gluon, three-gluon, and 
four-gluon vertices are shown in (a), (b), and (c), respectively, where the solid straight line 
represents a quark, and coiled lines gluons. The first vertex has its analogue in QED, [see 
Eq. C(12)], but the others are novel to QCD. They stem from the intrinsically nonlinear nature 
of QCD, which is due to the fact that the gluon carries color. Thus (b) represents the 
bremsstrahlung of a gluon by a gluon, while (c) gives gluon-gluon scattering. 

The binding of quarks into mesons and baryons is depicted by diagrams (d) and (e) within the 
framework of QCD. As these are long-lived bound states, an arbitrary number of gluons 
are actually exchanged between the quarks, and by virtue of the vertices (b) and (c), these gluons 
can interact with each other. 



7. QUANTUM CHROMODYNAMICS 99 

lead one to suppose that there are nine distinct gluons, corresponding to 
the nine combinations fr , rb , ry , br, . . . , yy . But as already explained in 
connection with Eq. (5'), the symmetric combination (rr + bb + yy) carries 
no color, and it is therefore not coupled to the gluon field. Consequently there 
are only eight independent color states of the gluon field. 

Since gluons are coupled to all colored objects, and are themselves 
colored, they are coupled to themselves. For that reason QCD is an 
intrinsically nonlinear field theory. This is to be contrasted with QED, where 
the field quantum — the photon — carries no charge. (QCD actually bears a 
similarity to Einstein's intrinsically nonlinear theory of gravitation, where the 
gravitational field is coupled to all forms of energy, including its own.) Hence 
QCD has vertices that have no QED counterpart: the emission or absorption 
of a gluon by a gluon, Fig. 20(b), and direct gluon-gluon scattering, 
Fig. 20(c). 

There are compelling arguments, though no rigorous mathematical proof, 
that the nonlinear nature of QCD is responsible for the confinement of color. 
The mechanism is most readily described in the case of a quark-antiquark 
system. If we forget the nonlinearity for a moment, a qq system would be like 
an electromagnetic dipole, with its familiar pattern of spatially dispersed field 
lines, as shown in Fig. 21(a). The nonlinear character of QCD produces a 
compression of this pattern into a so-called color flux tube, as if there were an 
attractive force between the field lines, giving the result shown in Fig. 21(b). 
As the distance r between the pair is increased, the cross-sectional area A of 
the tube remains constant. But the number of field lines only depends on the 
color of the sources (just as the charge determines the number of electric field 
lines), hence the field strength in the tube also remains constant, and the field 
energy of the configuration grows in proportion to the volume Ar of the tube. 
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Fig. 21. The electric field surrounding two opposite charges is shown in (a), and the color field 
surrounding a qq pair is shown in (b). In QCD the lines of force are compressed into a "flux 
tube," as if there were an attraction between the lines of force. As the qq separation r is 
increased, the cross section of the tube remains constant. As explained in the text, the energy 
therefore grows in proportion with r, and gives the linear asymptote shown in Fig. 18. In reality, 
the flux tube cannot be stretched forever, because it becomes energetically favorable to create a 
quark pair out of the vacuum, which then results in a transition from a one-hadron to a 
two-hadron state. 
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Since the area A is fixed, the energy of the qq system increases linearly with 
its separation r, and no process that transfers a finite amount of energy to the 
system can separate a quark or antiquark. 

The same consideration applies to any composite color singlet: If one 
separates a colored portion of that system (say a qq pair in a baryon) from the 
remainder, the energy grows linearly and confines the colored constituents. 
Since gluons also carry color, they, too, cannot exist in isolation. Like quarks, 
they only appear inside hadrons.* On the other hand, this confinement 
mechanism does not prevent the separation of a hadron into two hadrons, as 
in A — > Ntt, because all hadrons have vanishing net color. How such 
processes are described by QCD will be discussed in the next subsection. 

A further result of QCD concerns the potential energy V of a non- 
relativistic quark-antiquark pair. It appears that V actually has the form 
shown in Fig. 18, but this is only rigorously established at short distances.** 
The linear asymptote just discussed, and shown in Fig. 18, is consistent with 
the data on heavy quark-antiquark spectra, and most particularly, with the 
rotational spectra, as exemplified by Figs. 13 and 17. 

Finally, one may ask how QCD accounts for isospin conservation. Flavor 
conservation is, of course, guaranteed by the basic hypothesis that in emitting 
or absorbing gluons, quarks may change their color, but not their flavor. But 
flavor conservation only assures the constancy of J 3 , not of J. Conservation of 
/ requires, hi addition, that the (u,d) pair be degenerate in mass or, at least, 
that their mass splitting be negligible in comparison to typical hadronic 
masses (several MeV or less). Unfortunately, QCD has nothing whatsoever 
to say about the quark mass spectrum, nor, for that matter, does any other 
existing theory. Consequently we have the rather embarrassing situation that 
isospin conservation, which plays so important a role in hadronic phenomena, 
is the result of a degeneracy that is "accidental" within the current 
framework. By the same token, the approximate flavor SU(3) symmetry 
exploited in Figs. 10, 11, 15, and 16 is also an "accident" of the quark mass 
spectrum — the relatively small mass difference between s and (u,d). 

(c) Hadronic processes in quantum chromodynamics 

We shall briefly describe how the quark-gluon theory depicts some of the 
most familiar processes involving hadrons by means of the fundamental 
Feynman diagrams of Fig. 20. The quark-gluon vertex (diagram a) underlies 
all quark-quark interactions. Indeed, mesons and baryons are qq and qqq 
states bound by the exchange of gluons, as shown in Figs. 20(d) and (e). In 
these diagrams depicting hadrons the number of gluon lines is of no 
significance, since gluons are exchanged continuously within hadrons. 

As a simple example of an actual process, consider the emission of a pion 
by a hadron. We choose A + + , whose composition is uuu. Figure 22(a) shows 

* Two or more gluons can be combined into color singlet states, and should appear in the 
hadron excitation spectrum. At this time no such "glue-balls" have been positively identified. 

** QCD has the rigorously established property of "asymptotic freedom": The force between 
sources of the color field is logarithmically weaker than i/r 1 as the separation r tends to zero. 
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Fig. 22. Diagrams depicting hadronic processes in QCD. The decay A ++ -* pir + is shown as a 
Feynman diagram in (a), and in a more naive manner in (b). The two-body reactions 
pir + -* A ++ 7r° and pir + -+ % + K + are shown in (c) and (d), respectively. 



A ++ — > p7r + . One of the gluons inside the A + + produces a dd pair, and the d 
unites with a u to become 7r + . Another way of picturing this process is shown 
in Fig. 22(b). This illustrates how a hadron can transform some of its color 
field into quark-antiquark pairs and, if the energy suffices, a qq pair then 
forms a color singlet and leaves as a meson. 

Another example is, the reaction p7r + -* A + + 7r°, shown in Fig. 22(c). 
(From now on we leave out the coiled lines representing gluons.) When the 
7r + and the p merge, the d within the proton annihilates with the 1 within the 
7r + , and a uu pair is created. The three m's combine to the A + + , and the 



102 I.E. SUBNUCLEAR PHENOMENA 

remaining uu pair form 7r°. Associate production, e.g., prr + — > 2 + J£ + , is 
shown in Fig. 22(d); it is quite similar to the previous reaction, except that an 
ss-pair is created. 

The nuclear force must also be encompassed by QCD. At distances large 
compared to the size of hadrons there is no strong force between hadrons 
since they are color neutral. This is analogous to the absence of a force 
between neutral atoms at large distances since they are electrically neutral. 
When two or more atoms are at distances comparable to their size, the mutual 
interactions cause some changes in their internal structure. These distortions 
give rise to relatively short-ranged forces between the atoms which are known 
as Van der Waals forces, or chemical forces. The same is expected to happen 
if two nucleons come near each other. The mutual interactions of the two 
three-quark systems give rise to an attraction; loosely speaking, it is the Van 
der Waals force between two three-particle systems. At this time there is no 
quantitative theory of these forces, because one still does not know how to 
solve the field equations of QCD in such a complicated situtation.* 

We now consider a different class of processes: the creation of hadrons in 
e + e~ annihilation. These reactions proceed in two steps: the production of a 
qq pair, and the subsequent fate of that pair. The first step will be treated in 
the next section since it is an electromagnetic process. What about the second 
step? 

Were it not for the strong interaction, the primary qq pair would escape to 
infinity, as shown in Fig. 23(a) where the pair happens to be ss. But the 
quark-confining strong interaction between the primary pair grows without 
bound as the qq separation increases, and makes this impossible. Instead, it is 
energetically favorable for the strong field to produce a secondary quark pair 
qiqi[uu in Fig. 23(b)]. Then q 1 bonds to q, and q x to q, to form color 
singlet mesons m and m . There are no long-range confining forces between 
color singlets, and therefore the process e*e~ — > mm can actually occur, as 
shown in Fig. 23(b) for the case e*e~ — > K + K~. More mesons can be 
produced at higher energy if m or m is formed in an excited state m*, for that 
will then decay, as in e*e~ — > K*K -* KttK, where the decay K* — > Ktt is 
shown in Fig. 23(c). 

(d) Quark and gluon jets 

When the energy W of the e+e~ pair is very large compared to meson 
masses, the argument of the preceding paragraph leads to striking conclu- 
sions. 

* Some readers may be familiar with the Yukawa theory of the nuclear force. In that theory 
the nucleon-nucleon interaction is due to the exchange of pions, in analogy to the photon- 
exchange description of the Coulomb force. In the Yukawa theory nucleons and pions are 
assumed to be point-like elementary particles. Since they are not, the pion-exchange description 
of the nuclear force is, at best, an approximation. The relationship between the quark-gluon 
picture of a nucleon-nucleon interaction, and the meson-exchange picture, is shown in Fig. 24. It 
turns out that the one-pion exchange interaction does describe the asymptote of the nucleon- 
nucleon force when the internucleon distance is of order one fermi or more. 
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Fig. 23. e + e~ annihilation into hadrons is a two-step process in QCD. First a quark-antiquark 
pair is created by a virtual photon, as in (a). Then the color-confining processes discussed in the 
text come into play and produce further qq pairs which combine with the primordial pair to form 
hadrons, as in (b), which shows a two-meson state. The mechanism that converts the si pair into 
KK in (b) is also responsible for purely hadronic decays such as the one shown in (c). Gluon 
bremsstrahlung by a very energetic quark is shown in (d), but the subsequent conversion of this 
hard gluon into a hadron jet is not depicted here. For experimental results relevant to this 
diagram see Fig. 27. 
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(b) 

Fig. 24. The nuclear force due to one-meson exchange. In (a) a quark level diagram contribut- 
ing to np scattering is shown. Obviously, this is but one diagram out of an infinite set, but it has a 
special significance in that the exchangedud pair has the same quantum numbers as the lightest of 
all hadrons, the pion. This interacting ud pair, represented in (a) by a shaded circle, is in a state 
that is a coherent superposition of all / = I 3 = 1 mesons m + (i.e., tt + , p + , Af , A} , etc.) It can 
be shown that, at low energy, (a) can be approximated by a sum of terms of the type (b), wherein 
the solid lines represent elementary point-like fermions, and the dashed line elementary 
point-like bosons. Each diagram of type (b) is therefore equivalent to a force, and the range of 
this force is given by the Compton wavelength of m + . For that reason the lightest object 
dominates at large nucleon-nucleon separation. Within the framework of QCD, this is the origin 
of the Yukawa one-pion exchange theory of the nuclear force. 



In Fig. 25 we visualize the course of events after the high energy process 
e + e~ -* y-+ qq has occurred. In the c.o.m. frame (which is the laboratory 
in the case of colliders), the primary quarks move along A in opposite 
directions with large momenta [see Fig. 25(b)]. As we have just learned, the 
field will then cause a secondary pair to be produced. In contrast to the 
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Fig. 25. The temporal development of a quark-antiquark jet. These plots are to be thought of as 
snapshots in a logarithmic momentum space. In (a), the concentric circles correspond to 
momenta W/2, W/20, and W/200, where W/2 is the incident momentum (or energy — we are 
in the ultrarelativistic regime). A linear p scale would actually be very obscure because the 
momenta of particles produced differ by large factors; the choice of log p overcomes this, and 
also has a theoretical motivation (it is essentially the rapidity, as defined in Vol. II, Appen- 
dix III). 

The first frame (a) shows the ee pair marked as crosses. The next, (b), the primary pair q l q 1 , 
where q's are solid dots and q's open circles. Diagrams (c) and (d) show intermediate stages 
where first one, and then two more pairs are created out of the vacuum. Frame (e) is the final 
state in this case, with four mesons in the right hemisphere and five in the left. Finally, (f ) depicts 
the final state more realistically by including small transverse momenta. (Note that the primordial 
pair is close to the outer circle because of energy conservation, and the logarithmic momentum 
scale.) 
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low-energy situation, a primary and secondary quark cannot bond into 
stable mesons because of the large relative momenta between the primaries 
and secondaries [see Fig. 25(c)]. Pair production must therefore occur 
repeatedly until there are enough qq pairs with low relative momenta to form 
a stable multihadron state [see Figs. 25(d)-(f)]. 

We shall make one assumption concerning this chain reaction: when a 
secondary quark pair is created due to the spatial separation of a pair with 
large relative momenta, the total energy E sec of the newly produced pair 
in the c.o.m. frame of the producing pair is of order a typical hadron 
mass (^1 GeV). In the laboratory frame such secondaries can therefore 
have large momenta along the direction of motion of the primordial qq 
pair if W > E scc , but only momenta of order E sec transverse to that 
direction. 

This assertion concerning the total energy of secondary quark pairs has 
three consequences: First, the number of mesons produced rises forever as 
the primary e + e~ energy increases without bound; second, the produced 
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mesons have momenta that lie within narrow cones surrounding the direction 
of the primordial q and q; third, the probability that such jets have the 
orientation A relative to the e*e~ direction is determined by the angular 
distribution of the primordial process e + e~ — > qq. The electromagnetic 
mechanism responsible for e + e~-^>qq is the same as that for e + e~ 
—» fi + fi~ , where fi is the muon, a heavy replica of the electron, which will be 
discussed in detail in §9. Therefore the jet axis angular distribution should 
coincide with that for e + e~ — > jjl + jjl~ . 

The data confirm these expectations. Indeed, at high energies 
(W ^ 10 GeV) the majority of e + e~ final states is observed to have a two-jet 
structure. Figure 26(a) shows such an event; it gives an almost visual 
demonstration of the ejection of quarks. (The quarks are not actually seen, of 
course, just the mesons produced in their wake.) The angular distribution of 
two-jet events is identical to that for e + e~ — > jjl + jjl~ , as shown in Fig. 26(b). 
This is to be expected since, in both cases, a fermion-antifermion pair is 
created electromagnetically. 




Fig. 26. (a) A two-jet event from ee annihilation at a c.o.m. energy of 35 GeV as observed at 
DESY (TASSO Collaboration, 1980). The event is viewed along the direction of the ee beam 
line. The detector is in a magnetic field, so that the tracks of charged particles are bent, 
permitting a determination of their momentum, and the sign of their charge. This instrument only 
detects particles on a discrete mesh defined by a set of wires. The tracks shown are interpolated 
by computer. 

(b) The angular distribution of two- jet events, as measured by the CLEO detector at the 
Cornell Electron Storage Ring (Cabenda, 1982). For each two-jet event of the type shown in (a), 
a jet axis is defined, and the angle between this axis and the incident ee direction is measured. 
This procedure yields the points shown. The solid curve is the angular distribution computed with 
pure QED for the process ee-> qq, or equivalently, for the process ee -> /xjl (see §II.C2, 
Vol. II). 
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Fig. 27. Evidence for gluon jets. At the highest c.o.m. energies presently available in ee 
annihilation, there is a class of events which does not have the two-jet form of Fig. 26(a). These 
events have a planar configuration. In this plot the energy transported outward by the produced 
hadrons is shown as a function of the azimuthal angle </> in the event plane. The data, from the 
MARK J Collaboration (1980) at DESY, show three distinct jets. Presumably two are due to a 
qq pair, the third to a gluon. The angular distribution expected from the Feynman diagram of 
Fig. 23(d) is shown as the solid curve marked QCD, while the dotted curve marked "phase 
space" is the prediction of a model which has no correlations between particles beyond the 
demands of energy and momentum conservation. 



By virtue of the basic quark-gluon interaction, one (or more) gluons may 
be radiated when the primary quark pair was ejected. Instead of the more 
frequent y — > qq process, we then would have y — > qqg, where g stands for a 
gluon [see Fig. 23(d)]. This is analogous to the bremsstrahlung process 
y— > e + e~y' that accompanies pair creation, y— > e*e~. The gluon also 
interacts strongly with the quarks and upon separation, the increasing 
field between gluons and quarks will produce secondary quark pairs 
with low transverse momenta. If all three particles qqg have high momenta, 
and appreciable angular separation from each other, one expects to see 
three jets emerging. Events of this character are now accumulating, and 
should eventually provide direct evidence for the existence of gluons (see 
Fig. 27). 

Jet formation is not restricted to e + e annihilation; high-energy hadron-* 
hadron collisions, and highly inelastic scattering of electrons, muons, and 
neutrinos by nucleons can impart very large momentum transfers to indi- 
vidual quarks. Such a quark is then ejected from its parent hadron, and the 
strong force between it and the other quarks will bring the jet production 
mechanism into play. Indeed, events having a jet-like structure have been 
observed in all the processes listed in the first sentence of this paragraph (see 
Fig. 28). 





Fig. 28. A two-jet event in app collision having a total c.o.m. energy of 540 GeV, as observed in 
the UA2 Detector at CERN (Banner, 1982). This detector consists of an inner spherical counter 
that is sensitive to charged particles, surrounded by a "calorimeter," a device that measures all 
energy deposited within a specified element of solid angle by charged and neutral particles. In (a) 
the lines emanating from the pp collision point are the tracks of charged particles, while the 
heavy lines have a length proportional to the energy deposited in the indicated angular cell of the 
calorimeter. This angular distribution is shown in more detail in (b), where the histogram shows 
the energy in each cell as a function of the polar and azymuthal angles, and </>. The produced 
particles are in two rather narrow cones, and these cones contain a sizeable portion of the 
available energy. 



109 



110 I.E. SUBNUCLEAR PHENOMENA 

#. The electromagnetic interaction of hadrons 

(a) Conservation laws 

The interaction of hadrons with the electromagnetic field has already been 
mentioned on several occasions. In §5(d) we learned that this interaction 
conserves all flavors: 

A/ 3 = 0, AS = 0, AC = 0. (9a) 

Conservation of I 3 does not tell us whether / is conserved. As we shall see, the 
electromagnetic interaction can change /. But this change is restricted: in 
emitting or absorbing one photon, the total isospin of a hadron can change by 
at most one unit: 

A/ = or 1. (9b) 

Examples of A/ = transitions are D* — > Dy and K* — > Ky, while 2° — > Ay 
and yN-+ A are A/ = 1 transitions. The absence of transitions with A/ > 1 
has been verified in nuclear physics. States that differ by more than one unit 
are not found in simple hadrons. They occur only in nuclei. 

[The selection rule (9b) follows from the nature of the electromagnetic 
interaction, H em . Insofar as hadrons are concerned, the basic processes* are the 
conversion of a field quantum into a quark pair y -» qiqj, and processes related 
to it by crossing, such as q t -» q^y. Because of (9a) the flavor indices must be 
the same, / = /. In general, y converts into a linear superposition of flavor 
neutral qq pairs, with relative amplitudes given by the quark charges Q t \ 

7^ e 2 Qi\qflt) = e&\un) - %\dd) + •••). (10) 

i 

For now we disregard the pairs with other flavors since they cannot contribute to 
the isospin. Equation (10) can be written as 

y -> i(M + \dd)) + \ei\uu) - \dd)). (11) 

Here the first and second terms are the / = and / = 1 qq combinations 
respectively, as mentioned in §6(b). Any further development of (11) due to the 
strong interaction will not change the isospin, which proves that y (having no 
isospin) can only convert into hadronic states having / = or / = 1. 

We shall now show that (11) imposes selection rules on the radiative 
transition H -> H 'y, where H and H ' are hadronic systems. Consider the case 
where the qq state evolves, via strong interaction processes, into HH ', where H 

* Because of energy and momentum conservation these basic processes cannot occur with 
free particles. However, any electromagnetic process is a combination of these processes, with 
one or more of the participating particles in an intermediate state, where energy conservation 
does not hold. 
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is the antisystem to H : 

y-+ \e\uu) - \e\dd) -* e\HH'). (11') 

By crossing, this gives the radiative transition H-*H'y. We now take 
advantage of two facts: (a) H and H have the same total isospin; (b) the 
difference in isospin of H and H ' must be either or 1 since (11') requires HH ' 
to have / = or 1 . In the general radiative transition H — > H 'y the change in / is 
therefore or 1, which establishes (9b).] 

(b) Radiative transitions and magnetic moments 

Most of the known radiative transitions are dipole transitions. Because the 
internal motions of hadrons composed of light quarks are relativistic, higher 
multipoles are not as inhibited as in atomic and nuclear physics. But the 
emission of a higher multipole requires a correspondingly larger change of 
spin, and this inevitably requires a rather highly excited emitter. The latter 
can de-excite by meson emission, which swamps the electromagnetic decays.* 

The best studied E\ transitions occur in the i/f-family: \p' — > x7 anc * 
X-* <Ar, where $' and $ are 5-states, while * is a P-multiplet [see Figs. 8(b) 
and 19]. An E\ amplitude is proportional to a matrix element of the electric 
dipole moment, and therefore measures both the quark charge and the radial 
structure of the wave functions. Numerous E\ transitions between members 
of the Y-family are also expected, and some have been observed at the rate 
expected by theory. 

The electromagnetic interaction also causes multiphoton radiative tran- 
sitions. A striking example is the decay it -* 2y. Recall that 7r° is composed 
of uu and dd pairs (see Table 4). These can annihilate by the mechanism 
responsible for e + e~ — > 2y shown in Eq. C(13), i.e., by the diagram 




* This is illustrated by ^4 2 (1318) — ► Try, a magnetic quadrupole transition with a branching 
fraction of only \% because the / = 2 + level A 2 has a width of ~100 MeVdue to a variety of 
hadronic decays {ptt^tt^tttt, etc.). In heavy quark mesons (especially bb) states exist with 
L 2* 2 that are very stable against hadron emission; but these are nonrelativistic systems, so 
higher multipoles are inhibited. 
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where q is u or d. The lifetime of 7r° is ~10" 16 sec, a factor of ~10 8 shorter 
than that of it : , and reflects the relative strength of the electromagnetic and 
weak interactions. Other decays of this type are rj -> 2y and 17' —» 2y. 

Examples of magnetic dipole (Ml) transitions, satisfying the selection 
rules [Eqs. B(60) and B(61)], are yN** A (A/ = 1), 2°-^ A°y(A/ = 0), and 
<A' -* ^cT (A/ == !)• I n a H these transitions, the only change of the multi- 
quark state is due to the spin flip of one quark, as one sees by comparing 
(6) with (8a) and (8b). The changing magnetic moment caused by this flip is 
responsible for these photoprocesses. Consequently, the Ml amplitudes are 
proportional to the quarks' intrinsic magnetic moments. In the case of the 
heavy c-quarks, the data is consistent with a magnetic moment jjl c having the 
Dirac value for a spin \ particle: 

fi c = eQJ2m c . (12) 

For light quarks the situation is not so clear-cut, because these systems are 
relativistic and (12) is no longer true. Nevertheless, one can attain a good 
understanding of the Ml transitions, and of the static magnetic moments of 
the lowest baryon levels N, A, 2, and H. As an example of the insight 
afforded by the model, consider the neutron-to-proton magnetic moment 
ratio, which is observed to be -0.685. If one assumes that u and d have 
intrinsic moments proportional to their charges, we may set 

M M = 2/x /3 and fi d = -fi /3. (13) 

According to Eq. (8a), p and n are u^u^d± and d^d^u±, respectively. From 
this one readily shows* that fi p = jjl and /x n = — f /i>o> so th at th e ra *io * s "§> 
in excellent agreement with the facts. 

According to (13) the intrinsic magnetic moments of the quarks /jl u and /x d 
would then be |/x p and -iii p . This result is in reasonable agreement with an 
approximate relativistic generalization of (12), according to which the mass 
m c should be replaced by the energy of the quark. Since three quarks make up 
a proton, the energy of one should be about 5 of the proton mass m p . 
Replacing m c by this amount in (12) gives jx q = 3Qjjl b , where jjl b = e/2m p is 
the proton's Bohr magneton. From (13) we then get jjl = jjl p = 3jjl b , which is 
not too far from the observed proton moment 2.8fi B . Thus the magnetic 
moments of u and d are given by (13) with /jl — /jl p . 



* Let /ji pHir be the moment of the parallel-spin pair; ^ pair = 4/a /3 and -2/jl /3 for w t w t and 
d± d± , respectively. The pair has angular momentum 1, which combines with the spin of the third 
quark to give / = \ . The values quoted for /jl p and \x n then follow from the theorem that if a spin 
1 system with magnetic moment \x x is combined with a spin \ system with magnetic moment /jl$ to 
form a state of total angular momentum -J, the system's magnetic moment is (2^ - /a$)/3. Note 
that if the quarks were not in s-states, there would also be an orbital magnetic moment, whose 
contribution would spoil the relation \x n j ' n p = --§. This is part of the evidence that the baryon 
ground state has L = 0, as mentioned on p. 86. 
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In order to compute the magnetic moments of other members of the 
baryon octet, we also need the magnetic moment jjl s of the s-quark. 
According to Eq. (8), the moment of the A is entirely due to s since the u-d 
pair has no angular momentum. Thus fi s is the observed value -0.61 /jl b of 
/jl a . Using these quark magnetic moments, one can compute the moments of 
the other members of the baryon octet. The comparison between theory and 
experiment is shown in Table 6. 







Table 6 






Baryon octet 


magnetic 


moments 


Particle 


Experiment 


Quark Model 


n/P 




-0.68f 




-0.67 




2.38 


± 0.02 


2.7 


2" 




-1.11 


± 0.03 


-1.1 


a 




-1.85 


± 0.75 


-0.50 


w" 




-1.25 


±0.01 


-1.4 


2°^ 


A 


1.8 


± 0.2 


1.6 



All moments are in units of y. B . In the X° -*• A case, the 
moment describes the Ml transition 2° -» Ay. The 2 + and X~ 
moment measurements are new; Z + : Ankenbrandt (1983); 
2": Hertzog (1983). 

Electron and muon scattering by hadrons is also a reaction involving the 
interaction of a photon with a hadron. The electron or muon produces a 
virtual photon y which then interacts with the hadron [see Vol. II, 
Eq. III. A(22)]. Insofar as the hadron H is concerned, this causes a radiative 
transition of the type yH — > H' , where H' is some other hadronic system 
which may consist of several hadrons. Elastic electron-hadron scattering is 
the important special case H' = H\ as already mentioned, it can be used to 
determine the charge distribution of H. 

(c) e + e~ — > hadrons 

An important electromagnetic process that has been mentioned on several 
occasions is e + e~ annihilation into hadrons. The first step, the annihilation of 
the e + e~ pair into a virtual photon and the subsequent creation of a primary 
quark pair, is a purely electromagnetic process. The second step, the 
evolution of a number of color-neutral hadrons from the primary quark pair, 
is a strong interaction process. The total cross section of the reaction 
e*e~ — > hadrons is identical to the cross section a q q for producing primary 
pairs, since the second complex step follows the creation of a primary pair 
without interfering with its creation. Thus 

a(e + e~ -* hadrons) = a qq = 2 o-(e + e~-*q ci q ci ), (14) 

Cyt 

where the sum runs over all those colors and flavors that can be created at the 
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energy W of the e*e~ pair. In order to include a flavor / in the sum of (14), W 
must be somewhat larger than the "flavor threshold" 2m t s w if where m ( is 
the mass of q t . For example, if W is between 4 and 10 GeV, the sum runs over 
i = u, d, s, c, but not b, since the flavor threshold W c is ~4 GeV for c, and 
W b ~ 10 GeV for b. The other flavor thresholds lie much lower. 

The cross section (14) is readily determined. From deep inelastic scattering 
[recall §5 (a)] we infer that quarks, like muons, behave as pointlike spin-^ 
particles at presently accessible momentum transfers. The cross section for 
production of a quark pair is then essentially the same as that for a muon 
pair,* a(e*e~ — > /jl*/jl~). But there are differences. 

The most important is the difference in charge. The amplitude for the 
transformation of y into any pair is proportional to the charge of that pair 
[recall Eq. (10)], and therefore a(ee -* q ci q ci ) = Qjcr(ee -* jxjl), where 
Qi ? = | or —J. There is also the rather trivial difference in mass. We can 
ignore this by considering energies W that are above W t by more than the 
quark mass of that flavor. Then the primary quarks are all relativistic, and 
their masses irrelevant. These considerations thus lead us from (14) to 

, x a(ee — > hadrons) ^ ~ 

* w m (*-* -\ = 3 2 ^ 15 

a(ee -> fifi) y 

where the factor 3 counts the three colors, and the sum runs over the flavors 
whose thresholds W t lie well below the energy W. 

We therefore expect R(W) to have a constant value, as given by (15), when 
W lies between two thresholds W x and W 2 , but well above the lower one, W 1 . 
Then it should rise to a higher plateau when W increases appreciably beyond 
W 2 , so that the primary quarks are relativistic. As we shall see in §111. B. 2 
(Vol. II), this behavoir of R is observed experimentally.** The heights of 
the plateaus are in reasonably good agreement with the prediction of (15). 
This shows that a factor of about 3 is required in counting quarks of each 
flavor, and provides confirmation of the tri-valued color concept. 



9. Charge-changing weak interactions 

(a) General remarks 

The weak interaction gives rise to a large set of phenomena in the 
subnuclear world. In nuclear physics its principal manifestation is the 
emission of an ev pair, and the simultaneous transformation of a neutron into 
a proton (/3-decay). Other weak nuclear processes are related to this one by 
crossing. These phenomena involve a change of charge by both the hadrons 
(e.g., n -* p) and the leptons (vacuum -* ev). In the subnuclear realm there 

* This process is treated in greater detail in §11. C. 2 (Vol. II). 

** In the region near thresholds, new phenomena appear because of the bound states of the 
quark pairs, as discussed in §111. B. 2 (Vol. II). 
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are many new counterparts to such charge-changing weak processes. But 
there are also weak processes in which neither the hadrons, nor the leptons, 
undergo a change of charge.* Therefore we divide the weak interactions into 
two categories: charge-changing and charge-preserving (or "neutral-current") 
weak interactions. The latter are discussed separately in the next section. 

In §D we interpreted the emission of a lepton pair by a complex nucleus as 
being due to the underlying processes 

n — > pev or p — > riev. 

But we now know that nucleons are themselves complex structures, and so it 
is clear that these cannot be fundamental weak interaction processes. They 
must be regarded as manifestations of reactions involving the nucleon's 
constituents — of the transformation of a quark of one variety into one of 
another variety. Since the proton differs from the neutron by the replacement 
of one u by a d [see Eq. (8)], the /3-processes can be interpreted as resulting 
from the following elementary transformations 

d — > uev e or u — > dev e . (16) 

We designate the neutrino which is emitted together with the positron by the 
symbol v e , since we soon will encounter neutrinos of different kinds. 

The much larger set of weak interaction phenomena in the subnuclear 
realm has two sources: the existence of leptons other than e and v e \ and the 
involvement of quarks other than u and d. Neither of these aspects shows 
up in the low-energy regime of nuclear physics because of the high masses of 
the other charged leptons and quarks. 

(b) Other leptons 

Atomic and nuclear physics deal with only two leptons — the electron e and 
its neutrino v e . The dominant decay of the charged pions reveals the existence 
of two further leptons, and their antiparticles:** 

The muon (/x) is a point-like spin-^ fermion which, to the best of our 
knowledge, f is a replica of the electron having a mass 207 m e . It is not an 
excited state of the electron, because the decay /jl -» ey does not occur 
(branching ratio ^10" 10 ). The following two facts are established 

* These "neutral current" weak interactions are not confined to subnuclear physics. They also 
produce effects in both atomic and nuclear physics, but these are more difficult to detect than 
those discussed in §10. „ 

** The decays it -* ev e , which also exist, are suppressed for reasons to be explained on p. 131. 

+ This evidence is discussed in detail in §§II.B and D (Vol. II). 
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empirically: (a) the neutrinos v^ emitted in 7r — > \x differ from those emitted 
in /3-decay; (b) v^ is different from v^. That v^ j= v e is shown by the 
observation that neutrinos from pion decay almost always produce muons, 
not electrons, when they interact with nucleons (see Fig. 29). Furthermore, 
v's arising from 7r + -decay produce /jl~, while v's from 7r"-decay produce /x + , 
which demonstrates that v^ =fi v^ . It is also known that v^ has a gigantic mean 
free path in matter, corresponding to an interaction as weak as that of v e . 
Whereas the mass of v e is known to be less than I0~ 4 m e , the experimental 
upper limit of the i^-mass is ~m e ; it may even be zero. A detailed study of 
^t-decay [see Eq. (19) below] shows that the spin of i/ M is \. 

A still heavier charged lepton, called t, has been discovered in the reaction 

e+e~-* t + t~. (18) 

Its mass is m T = 1.78 GeV, and it is point-like to a precision quite compara- 
ble to that of e and jjl. It is accompanied by a neutrino, v r , and it is known that 
^t ^ *V,<?- At this time the upper limit on the mass of v r is ^250 MeV. 

The jjl and the t have a finite lifetime. While /jl-* ey, and T-^/xyor 
t — > ey are not observed, jjl and t do decay in virtue of the weak interaction. 
The /jl has one dominant decay channel, 

fi~ -» e~v e v^\ (19) 

its lifetime is 2 x 10~ 6 sec. The t, being heavier, has a greater variety of 
decay channels, among the most prominent being 

t"-* ja'V^Vt, (20a) 

-* e~v e v r , (20b) 

-*p~v r . (21) 

Its lifetime is 5 x 10" 13 sec. To each of the processes (19-21) there is, of 
course, an antiparticle decay, such as t + — > p*v r . 

All these data show that we must enlarge the concept of lepton number N t 
as defined in §D.4. There is not just one lepton number, but three: N e , N^, 
and N T , with N e being the quantity we previously called N h If Af(^) is the 
number of i^'s in a state, etc., then, for example, 

N^ - N(fi-) - NQi + ) + N(vJ - N(?J. (22) 

To our present knowledge, the three lepton numbers are separately conserved 
in all processes, whether weak, electromagnetic, or strong. All the reactions 
(16) through (21) conform to this rule.* 

* As an example of evidence for N t conservation, consider the ^/-violating decay K° -» \xe. 
This has never been observed, the upper limit on the branching fraction being ~10 -6 . 
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Fig. 29. (a) Sketch of the CERN neutrino beam (Dydak, 1978). A 400 GeV proton beam strikes a 
large- Z target, and produces a copious flux of pions, and some kaons. An array of magnetic lenses 
selects particles of a well-defined charge and mass, and within a specified spread of momentum. 
The hadron beam then passes through an empty region having a length such that it -» jjlv decay is 
overwhelmingly probable, whereas /x decay is not (the lifetimes are related by t^ ~ lO 2 ^). The 
beam then traverses several hundred meters of earth, which filters out the muons, but through 
which the neutrinos pass with impunity. Neutrino interactions are then observed in a complex 
device euphemistically called "detector" in the sketch. This can be a bubble chamber (see 
Fig. 33), or an electronic detector. 

(b) A neutrino event as seen in the CERN-Dortmund-Heidelberg-Saclay detector (unpub- 
lished). This apparatus, which is immersed in a magnetic field, consists of a large sequence of 
detection planes perpendicular to the neutrino beam direction. These measure the ionization of 
charged particles passing through them, as well as the position in each plane where charged tracks 
have penetrated. The planes are separated by sheets of iron in which hadrons are slowed down 
and absorbed much more rapidly than muons. Consequently, the detector can single out the 
muon track. In these computer-drawn plots, the horizontal axis measures distance along the 
neutrino beam direction. The vertical axis in the uppermost plot shows the ionization deposited 
by hadrons as a function of depth into the detector. The two lower plots are orthogonal 
projections of the muon track; the spiraling orbit due to the magnetic field is clearly visible. This 
track goes beyond the end of the detector, whereas all hadrons are stopped well within the 
detector. 
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(o) 



(b) 



(0 





(d) 



(e) 



Fig. 30. Basic semileptonic processes involving quarks and leptons; see Eq. (23). /3 decay and 
positron emission by nuclei are due to the transitions (a) and (b), respectively, while K capture of 
atomic electrons by nuclei is due to (c). The reaction triggered by reactor neutrino beams is due 
to (d). The decay n~ —> ev e is shown in (e). 



It is an essential feature of weak interactions that the three lepton pairs 
play parallel roles. Processes that lead to the emission of one pair, also lead to 
the emission of the other pairs, if energy conservation permits. 

(c) Role of other quarks 

We now come to the second point which enriches subnuclear weak 
interaction phenomena, the involvement of other quarks. Their discussion 
will be considerably simplified by making use of the important crossing 
operation defined in §C5. Crossing relates the two reactions (16), but it also 
implies the existence of many other processes related to /3-decay: 



uev e 



(lev, eu — » dv<> 



etc. 



vm — > ed 



du 



ev P 



(23) 



Figure 30 illustrates these reactions in the form of diagrams. 
Let us choose 



du <r> ev,, 



(24) 
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as the "representative" reaction from which all others in (23) are derived. 
In this reaction the particle pairs on either side have a total charge Q = -1, 
and zero baryon and lepton numbers: B = N e = 0. 

Among the fundamental fermions, there are many other particle-anti- 
particle combinations that have the quantum numbers carried by the pairs in 
(24), and therefore it is not surprising that there should exist many other weak 
reactions similar to (24). If / stands for any of the negatively charged leptons, 

/ = e~, fi~, or t", 

and vi for the corresponding neutrino, while q x is any Q ~ -\ quark (d or s) 
and q 2 any Q-\ quark (u or c), all representative reactions of the type (24) 
are summarized by 

qiqi^lvi (Q = -1, Ni = 0). (25) 

Reactions related thereto by crossing are q x -* q 2 lv h v&\ -* Iq-i, qi -* qjv h 
etc. 

Equation (25) and its crossing counterparts comprise all processes where a 
quark pair transforms into a lepton pair, or vice versa. In addition, there are 
also weak processes among the quarks themselves, and the leptons them- 
selves. These representative reactions are 

qiqi^qsq4 (Q = -l) (26) 

tvi^Vvv (G = -l,ty = iV r = 0) (27) 

where q 3 and q A are quarks having the same charges as q 1 and q 2 , 
respectively, but whose flavors may differ from those of q x and q 2 . Thus (26) 
contains the reactions du <-» dc, sc <-» du, etc.* 

Equations (25)-(27) state that weak reactions exist between all combinations 
of quark and lepton pairs if their total charge Q = — 1 , and their lepton and 
baryon numbers vanish, and in all reactions derived therefrom by crossing. 
Thus if f a stands for any of the fundamental fermions — either a quark or a 
lepton — the most general representative weak interaction is 

/J/3 <* fyfa (Q = "I, B = N t = 0). (28) 

As always, when we say that a reaction exists we mean that the transition 
matrix element is nonzero; naturally the process only occurs if energy and 
momentum conservation allow it. 



* We largely ignore the flavor b, because these quarks do not play an imporant role in all but 
the largest energy transfers; the pairs bu and be should, in principle, be included in (25) and (26). 
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(d) Weak interaction processes 

The representative reactions (25)-(28) serve to distinguish three categories 
of weak processes: 

(A) semileptonic: all reactions derived from (25) 

(B) nonleptonic: all reactions derived from (26) 

(C) leptonic: all reactions derived from (27) 

We first consider the semileptonic category, in which a quark pair appears 
or disappears in the representative reaction. There are many semileptonic 
reactions, and it is therefore useful to subdivide them according to the 
changes of flavor (i.e., AS, etc.) produced by the creation of a q x q 2 pair (see 
Table 7). Since q{q 2 has Q = -1, we see that reactions where AS ^ 0, 
AS = AQ are allowed, whereas AS = -AQ is forbidden. The data fully 
confirm this, as well as the analogous selection rule on AC. 



Flavor changes 


Table 7 
in semileph 


mic reactions 


q x q 2 du 


dc 


su sc 


AS 
AC 

|A/ 3 | 1 




-1 

i 

2 


-1 -1 
-1 



We shall give illustrative lists of semileptonic reactions, subdivided in 
accordance with the change of S and C; a far more complete list is to be found 
in Appendix I. In each case we show the underlying quark reaction, and 
indicate the corresponding diagram in Fig. 30 by a letter in parentheses. 

(A) Semileptonic processes: AS = AC = 



n —» pev e 2 — > Aev e 

7r~ —» 7r°ev e a~ — > B°eV £ 



d -> uev e Fig. 30(a) 



7T — * ~ " 



irev e u->dev e (b) I ^9) 

v t n -* Ip v t d-* lu (c) 

viP — > In v t u —» Id (d) > 

In the decays n -» p, 2~ -► A, and E~ -* H° the energy release is less than 
m n . If that were not so, these decays would be dominated by strong pion 
emission. 
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A^plv, 1 

AT -* TT lVi\ 


s— ► w/l 


K + -* hi 


MS— » /V; 


v lP ^n° 


V/M — » /s 


v lP -> ID°X ++ 


vid —* Ic 



Next we turn to semileptonic processes wherein either S or C changes: 
(A) AS = ±1, AC = 0; or AS = 0, AC = ±1 



(30) 



The last reaction is the production of a charmed D meson together with a 
multihadron state X ++ of Q = 2 in a *>-/? collision; because of the stated 
selection rules, X ++ has / = \ or |, and C = 5 = 0. 

The energy differences between the initial and the final hadrons in the 
decays of Eq. (30) are larger than m^, but strong pion emission is forbidden 
because AS^O, orAC^O. But these differences are less than the mass of 
the kaon, whose emission by the strong interaction would not be forbidden 
when A 5 = ±1. Some of the reactions (30) are shown as diagrams in Fig. 31. 

All lepton pairs emitted by strange baryons have Q = — 1: thus 2~ — > n 
occurs, but 2 + — > n cannot. This is so because s can only decay to u, which 
increases the hadronic charge, and the leptons must then carry off a com- 
pensating negative charge. Furthermore, there are no baryon decays with 
AS=-lorAC=+l. They would require the transitions u-+ s or d-> c, 
which would increase the energy since m SjC > m u . But scattering processes 
with A5= -lorAC= +lare possible, such as the last two reactions in (30), 
because the energy is delivered by the incoming particle. 



/*" t 





(a) 



(b) 




Fig. 31. Semileptonic reactions from among those listed in Eq. (30). A typical K~ decay is 
show in (a), and a K + decay in (b). The production of the charmed meson D° in a neutrino 
reaction is illustrated in (c). 
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The last category of semileptonic decays expected from Table 7 involves 
simultaneous changes of S and C: 

(A) AS = AC = ±1 

D+ -*K-X+lvt c-*sTv t 

F+^X^lvt <5-»lv l9 (31) 

where X + and X° are multihadron states of the indicated charge, with 
/ = S = C = 0. 

Next we turn to the nonleptonic weak reactions (B) derived from Eq. (26). 
These fall into two categories: flavor conserving and flavor changing. An 
example of the former is ud *+ ud which, by crossing, implies the existence of 
a weak process ud <r> ud. This will add a tiny weak contribution to the force 
between nucleons, and has actually been detected because it produces very 
small but measurable parity-violating effects in nuclear spectra and colli- 
sions.* However, such flavor-conserving weak effects are usually masked by 
the strong interaction. For that reason, we are -principally interested in those 
nonleptonic reactions derived from (26) that violate strangeness or charm. 
These nonleptonic reactions (B) are remarkable because they allow pion 
emission in decays where such emission is forbidden to the strong interaction. 
Important examples are: 

(B) Nonleptonic processes: 

s — > udu 

(32) 

sud 

Several of these reactions are shown as Feynman diagrams in Fig. 32. In all 
these decays the mass differences between the hadrons are also smaller than 
m K . If they were larger, kaon emission by the strong interaction would 
dominate. 

In some nonleptonic decays (e.g., A-»rc7r ) it would seem that the 
hadrons had not changed their charge, because the underlying process is 
s — > u(du). But this is also a charge-changing process, related to the 
representative reaction su — > du by crossing, like all other processes in 
Eq. (32). 

The nonleptonic decays (32) are very similar to the semileptonic decays. In 
the latter, lepton pairs are emitted instead of mesons. The probability for 
meson emission is 10 2 -10 3 times greater than for lepton pair emission. This 

* See, for example, Lockyer et al. (1980). 



«77° 

pir~ 


H —* Att 


il~ -> \K~ 




K + ^7r + 7T° 


J— ► udu 




D + ^K°ir + 


cd —* sd, c 
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Fig. 32. Nonleptonic decays of a baryon (a) and a meson (b); see Eq. (32). 



may raise doubts as to whether the nonleptonic decays (32) are really 
mediated by the weak interaction. However, there is overwhelming evidence 
that these are weak processes: they are parity violating, and do not conserve 
flavor. The much larger emission rate is not due to a fundamentally different 
interaction.* 

Finally we come to the purely leptonic reactions (C), derived from (27). 
The most important are the jjl- and r-decays given in (19) and (20). Other 
reactions in this group are scattering processes between charged and un- 
charged leptons, such as 



v e e-» v e e, 



(33a) 
(33b) 



The first is elastic scattering between a neutrino and an electron, where the 
latter may be bound in an atom. Reaction (33b) is a neutrino-induced 
transformation of an electron into a muon. These elusive reactions can be 
detected by observing e and jjl tracks in a bubble chamber exposed to an 
appropriate neutrino beam. As with all neutrino-induced reactions, the cross 
sections for (33) are very small. A rough formula for the cross section of all 
high energy v reactions, whether on lepton or nucleon targets, is 



a v ~ E • 10" 12 fm 



(34) 



where E is the laboratory neutrino energy in GeV. This area has a 
characteristic dimension that is far smaller than the radii of hadrons at all but 



* The rate T^for a transition i -> /is given by T lf = 27r|(/|// wk |/)| 2 p/> where H wk is the weak 
interaction, and p f the density of final states. The latter depends strongly on the number of 
particles emitted, and ii very different, for example, in A — » pir~ as compared to A -* pe~ v e . 
The final multiquark states \f) also differ greatly. Detailed analysis shows that the terms in H wk 
responsible for semileptonic and nonleptonic decays have the same magnitude. 
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extreme energies. Even at 10 3 GeV, it corresponds to a mean free path of 
10 6 km in iron. 

Figure 33 is an exceptional bubble chamber picture that displays all the 
phenomena we have discussed as a sequence of nonleptonic, semileptonic, 
and purely leptonic decays following a neutrino reaction, which is itself a 
semileptonic process. 

(e) The intermediate vector bosons W~ 

All the weak processes discussed thus far are derived by crossing from the 
representative reactions (28) involving the transformation of some fermion- 
antifermion pair/^, having Q - -1, into another pair/ 7 / 5 with the same 
charge. In these representative transmutations, the total baryon and lepton 
numbers of the participating pair vanish. The existence of this large set of 
reactions leads naturally to the hypothesis that all those weak processes are 
manifestations of a more basic transformation wherein a fermion pair with 
Q — ±1 and B — N t — changes into a charged boson W ± , or vice versa, as 
described by the following diagrams: 






u u 




where W + and W~ are each other's antiparticles. By our hypothesis, they are 
the quanta of a field that mediates the charge-changing weak interaction. 

Because of crossing symmetry, the pair creation and annihilation vertices 
also have W~ emission and absorption counterparts: 






(c) 
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etc. By appropriately combining the one-vertex diagrams (35) and (36) one 
obtains all the 4-fermion processes discussed thus far: 





(37) 



The dots in Figs. 30-32 are then replaced by wavy W lines. For example, the 
semileptonic decays, such as K~ — > tt°Ivi shown in Fig. 31, are special cases 
of Eq. (37a), as are nonleptonic decays such as K + -» 7r + 7r°, shown in 
Fig. 34(a). Decays involving quark pair annihilation such as K + -» e + v e 
shown in Fig. 31(b), are special cases of Eq. (37b). One-to-three fermion 
decays, such as ix~ — > v^e~v e or r" -» p~v T , are also examples of (37a), 
while neutrino reactions, such as v^d — > yi~u, are special cases of the diagram 




(38) 



The charge of the intermediate W in these diagrams is always determined by 
the charges of the fermions, and is therefore not indicated. 

These weak-interaction diagrams all have electromagnetic counterparts. 
For instance, the fi -decay type diagram (37a) has the same structure as that 
for e + e~ emission by nuclei, Eq. D(ll). The annihilation graph (37b) has the 
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same form as that for i/f-production in e*e~ annihilation, as demonstrated in 
Fig. 34, which also shows how this mechanism works in K + —» 7r + 7t°. 

Another remarkable similarity between the weak and electromagnetic 
fields is that both are vector fields. A detailed analysis of the angular 
distributions of weak processes indicates that W has spin one. A field whose 
quanta have spin one is a vector field, and for that reason W is called a vector 
boson. 

Despite these intriguing analogies to electrodynamics, the differences 
between the weak and electromagnetic interaction are — at least at first 
sight — far more striking. Photons are readily produced, whereas Ws can only 
be observed at the highest energies currently available [see § 10(d)]. The 
electromagnetic interaction is long-ranged, causing scattering at large-impact 
parameters which leads to the familiar (sin \d)~ A singularity in the Ruther- 
ford formula for the scattering of charged particles [see §111. C.l (Vol. II)]. In 
contrast, the angular distribution of weak collisions, such as the neutrino 
reactions described by (38), are essentially isotropic at all presently accessible 
energies. This indicates that the weak force has so short a range that collisions 





(b) 




Fig. 34. Nonleptonic decays showing the role of the W boson. As shown, there can be more than 
one process contributing to a decay amplitude; in (a) the W is emitted in a fashion similar to 
bremsstrahlung, whereas in (b) it is created by pair annihilation. The latter is similar to meson 
production in ee annihilation, as shown in (c). 
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can only occur with very small impact parameters (or, equivalently, vanishing 
orbital angular momentum). An analysis of the angular distributions of 
decays of type (37a) also reveals that the distance between the point where 
the pair f y f 8 is created, and the point where f a transform into fp, is 
immeasurably small. 

These two contrasts are intimately related, because the range R of any 
force field is inversely proportional to the mass of the quanta of that field. If 
the weak force has an R that is small, m w is large, and it takes energies of 
order m w to produce W ± . The photon, being massless, has no threshold for 
its production. To understand why R ~ l/m w , consider the decay 



(39) 



The intermediate state, indicated by the dashed line, contains a W and 
neutrino. If W is far heavier than the muon, the energy difference AE 
between the initial and intermediate state is of order m w . According to the 
uncertainty principle, the intermediate state exists for a time of order 
1/AE ~ m w x , during which interval a W cannot travel further than c/m w . 
This demonstrates that the distance R between the points where a W is emitted 
and reabsorbed is at most ~m w l in all processes having a total energy small 
compared to m w (here we have reverted to c = 1). 

Thus the two vertices in W-exchange graphs such as (37) and (38) are 
separated by a distance small compared to all other lengths (e.g., lepton or 
quark deBroglie-wavelengths) if the energies of the particles are low 
compared to m w . Hence these processes appear to be due to an interaction 
where four fermions meet at a point, and this low-energy approximation is 
represented by the 4-fermion vertices in Figs. 30 to 32. 

Recent discoveries, to be discussed in § 10(d), provide a direct measure- 
ment of m w , but it is actually possible to estimate its order of magnitude by 
exploiting the analogy between the weak and electromagnetic interactions. 
This analogy has been crafted into a theory that provides a unified description 
of weak and electromagnetic processes and that will be described in §10, and 
in greater detail in Vol. II, Chap. VI. For the moment a rough argument 
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along the same lines will suffice. To this end, compare Rutherford scattering 
with a neutrino reaction: 




The amplitude whose square gives the Rutherford cross section is 

e 1 1 

where q = IE sin \B is the momentum change suffered by an electron of 
energy E(>m e ). The factor of e 2 arises because A R is really a product of 
amplitudes, one for emitting the y, the other for reabsorbing it, and these 
amplitudes are proportional to the electric charge of the emitter and 
absorber. If g is a "weak charge" carried by quarks and leptons that 
determines the amplitude for W absorption and emission, one finds that the 
neutrino reaction has the amplitude* 

47T mw + q z Airniw 

where q is the momentum difference between /jl and v^ , which is always small 
compared to m w at energies low compared to m w . The measured magnitude 
(34) of neutrino cross sections shows that g 2 /m 2 v ~ 10~ 4 GeV -2 . If we guess 
that the weak and electromagnetic charges g and e are of comparable 
magnitude, and that the low rates for weak processes are really due to the 
large mass of W, we find m w ~ 30 GeV. In §10(d) we shall see that the 
presently measured value is 

m w - 81 GeV, (43) 

which is in rough agreement with our crude estimate. 

Hence W has a mass appreciably larger than that of the iron nucleus! The 
range of the weak interaction is therefore of order 10~ 3 fm, which is very 

* Note that A v does not depend on angle if E < m w , in agreement with our earlier argument. 
On the other land, for E > m w , q 2 can also be much larger than m^, and in this limit A v and A R 
have the same form. 
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small compared to hadronic dimensions. For that reason this finite range 
cannot be observed in weak interaction phenomena having energies small 
compared to —100 GeV. 

(f) Space reflection and charge conjugation 

Another remarkable difference between the weak and electromagnetic 
interaction is that the former violates parity. The manner in which this 
violation occurs can be succinctly stated by restricting oneself to kinematical 
situations where one or more fermions involved in a weak process are 
extremely relativistic (v — 1). From a detailed analysis of angular distributions 
and correlations, and direct measurements of e ± helicities, one has found the 
following rule: Whenever a charge-changing weak process leads to the 
creation of an extremely relativistic fermion f a , or antifermion fp , their 
helicities are h a = -\ and hp = \, respectively. Since *'-*/ implies/— > i, 
and because of crossing, this rule must apply to any fermion or antifermion, 
whether it is in the final state or not; in short, the only helicity states of 
extremely relativistic fermions participating in any charge-changing weak 
process are -\ and +j for particles and antiparticles, respectively. * 

One might ask why this rule is restricted to extremely relativistic fermions. 
The reason is that only for a massless particle is the helicity a Lorentz 
invariant. This is illustrated by electrodynamics: a circularly polarized wave, 
corresponding to photons with h = ±1, has the same polarization in any 
Lorentz frame. For a particle with mass, a helicity eigenstate becomes a linear 
combination of various helicities when viewed from another frame.** As the 
description of any process must be frame-independent, it is only possible to 
have a firm rule concerning helicities of produced or destroyed particles if 
they are massless, or equivalently, in those kinematical domains where they 
move with v — c, and their mass is irrelevant. 

For nonrelativistic lepton momenta, the weak interaction is also parity 
violating. However, the magnitude of the violation is of order v/c in 
amplitude (see §VLA.l, Vol. II). 

The helicity rule just enunciated is, by its very nature, parity violating. 
Under a spatial reflection, h-+ -h, and any phenomenon that prefers a 
helicity over its opposite is not reflection invariant (see §B.7). In the elec- 
tromagnetic analogue of, say, f a fp-*W-*f y f 8 , such as e + e~ -» 
y — > jjl + ijl~, the lepton and antilepton helicities ±\ interact with precisely the 
same strength. The weak interaction violates parity "maximally" because it 
only involves one of the fermion helicity states when v = c. 

In §D.4 we already provided evidence for parity violation in /3-decay, a 
semileptonic process. Parity violation is also observed in the other two weak 

* Note the words "charge-changing" here, i.e., those processes described by W + or W~ 
exchange. The rule does not apply to the so-called neutral current phenomena of §10. 

** This can be seen simply by recognizing that a particle with a given helicity would have the 
opposite one when observed from a system that runs faster than the particle since there the 
momentum has changed sign, but not the spin direction. 
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reaction categories. Consider, for example, the nonleptonic decays A — > Ntt. 
The A's produced in certain parity-conserving strong reactions such as 
ttN -» KK have their spin partially polarized along a direction perpendicular 
to the reaction plane 2P, as explained in Fig. 35. If parity is violated in 
A -* Nir, the argument in §D.4 concerning the /3-decay of Co 60 shows that 
the pion's angular distribution will have an up-down asymmetry with respect 
to 2P. Large asymmetries of this type are observed in this and other 
nonleptonic decays of baryons (e.g., H~ — > A7r"). In the purely leptonic 
decay /i-*evv, there is a complete analogy to the evidence for parity 
violation in Co 60 decay, because the electron angular distribution has an 
up-down asymmetry with respect to a plane normal to the muon spin. 

The helicity rule accounts for the astonishing fact that tt~ -> e~V e is a 
factor of 10 4 rarer than rr~ -* /iTi^, even though the available energy is 
much larger in the first decay. In tt -» e decay, the electron's energy is 
70 MeV — 140 m e , so this is an ultrarelativistic situation. In the pion's rest 
frame, e and v e move in opposite directions. If their helicities were —\ and \, 




(a) 



(b) 



Fig. 35 A polarization in the parity-conserving reaction tCp — » AK°. For simplicity's sake, 
imagine that the only mechanism operative in the collision is of the (reflection-invariant) 
spin-orbit form. This force is taken to be attractive when the spin of the baryon is parallel to the 
relative orbital angular momentum between the baryon and meson, and repulsive when 
antiparallel. (Nothing is overlooked by ignoring spin-flip, because an unpolarized incident beam 
can always be viewed as 50% spin up and 50% spin down with respect to the reaction plane; then 
the only relevant term in the Hamiltonian is cr z L z , which cannot cause spin-flip.) 

The collision is shown in the c.o.m. frame, with the incident pion and nucleon moving along 
the positive and negative x direction, respectively. In (a) the baryon spin, indicated by a thick 
arrow, is up. When the incident proton has a positive v intercept, L z > 0, and there is an 
attraction, whereas L z < for a negative v intercept, giving a repulsion. In consequence, the 
classical (!) baryon trajectories are as shown in (a) for spin-up. The spin-down trajectories are in 
(b). With this simplistic interaction, all A's emerging on the left of the incident pion direction will 
have one spin direction, those on the right the opposite. That parity is not conserved in the 
subsequent weak decay can then be demonstrated by selecting a sample of A's produced in some 
angular region, and measuring the up-down asymmetry of decay pions with respect to the 
collision plane. Such an asymmetry requires parity violation by the argument of Fig. 4. 
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respectively, their spins would point in the same direction, and their 
combined angular momentum m along the decay direction would be \m\ = 1, 
whereas J^ = 0! Hence tt — > ev e decay would be forbidden if e had the 
velocity c. In tt — > /jl decay, on the other hand, the /jl moves slowly since 
(m^ - ra M ) <^ m M (34 vs. 106 MeV). Such a slow /jl~ is emitted in a state that 
is an almost equal mixture of "right" and "wrong" (i.e., —\ and i) 
helicities, and the "wrong" h combines with h = \ of v^ to give the required 
/„. = 0. In 7T — ► e, the decay proceeds through the tiny portion (of order 
m e /E) of the e~ state that has the "wrong" helicity. 

Charge conjugation (C) in variance is also violated by the helicity rule. The 
action of C is to replace a particle by its antiparticle, while leaving its 
momentum and helicity untouched. If C (but not P) were a symmetry, the 
helicity rule would have to say that fermions and antifermions with the same 
helicity participate, whereas the data tell us that the participants are fermions 
and antifermions of the opposite helicity. 

The decays /x ± — > e ± vv provide direct evidence for C violation. As already 
mentioned, there is an up-down asymmetry of the electron distribution in 
/jb-e decay, demonstrating parity violation. If "up" is defined to be the /x spin 
direction, irrespective of whether it is a /jl + or jjl~, C conservation requires the 
up-down asymmetry to be the same in /jl + — > e + and /x~ -» e~. It is 
not; instead the asymmetry changes sign. 

The behavior of the weak interaction under space reflection and charge 
conjugation can also be stated very elegantly in terms of the spin and charge 
of the exchanged W's, as explained in Fig. 36. The figure also shows that 
even though C and P are both violated, all the data summarized thus far are 
consistent with the statement that CP is a symmetry of the weak interaction, or, 
put another way, the mirror image of a process looks precisely like that 
process in the anti-world.* As we shall learn in §11, this is not quite correct: 
CP is violated to one part per 10 3 , but this violation is, at this time, only 
observable in K° decays. 

(g) Universality 

Thus far we have skirted the issue of the relative magnitude of various 
weak processes. Does the interaction responsible for /jl — > ewhave the same 
strength as the one that causes @ -decay? What is the relative size of 
strangeness-changing vs. strangeness-conserving decays? Are all the reactions 
described by (28) of the same strength? 

We can orient ourselves by reexamining (10), the conversion of the 
electromagnetic quantum into quarks. Generalized to all the fundamental 
fermions, this reads 

y^e^Q a \f a f a ), (44) 

a 

* An example of evidence for CP conservation is provided by the fact that the up-down 
asymmetry in \x — » e decay has the opposite sign to that in /x — » W decay, as explained in the 
preceding paragraph. 
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Fig. 36. The behavior of the weak interaction under P and C. All states illustrated contain a 
relativistic (e,v e ) pair of zero total momentum. Thin and thick arrows are momenta and spins, 
respectively. The spin of the Ws into which the leptons can annihilate is also indicated. The 
charge-changing weak interaction of the lepton pair (e,v e ) only involves the states \a) and \b), or 
equivalently, W~(<~) and W + (->). These states participate in the weak interaction with equal 
strength. 

Let V be any symmetry operation. If ^ is a symmetry of the weak interaction, y\a) must be 
either \a) or \b). Let P n be a reflection through the origin, followed by a rotation of 180° about an 
axis perpendicular to the plane of the paper; this rotation is used so that the original momenta of 
\a) and | b) are recovered after reflection. Pj\a) is shown; it is neither \a) nor \b), and therefore the 
interaction is not reflection invariant (since rotational invariance is taken for granted). As the 
figure shows, C is also not a symmetry. On the other hand CPj[a) = \b), and also CP n \b) = \a). 
Consequently CP is a symmetry. However, as we shall learn in §11, there is a CP violation of 
order 10~ 3 , indicating that \a) and \b) have slightly different weak interactions. 

where Q a = § , —5 , or -1 are the charges of all known quarks and leptons. A 
similar expression can be written for the transformation of the weak-field 
quantum into fermions:* 



W~ 



8 






(45) 



* For reasons already explained in connection with Eq. (14), this formula, like (44), is only 
valid at energies large compared to the fermion masses. At lower energies other factors enter; 
they only depend on the fermion masses, and the total energy of the system [the quantity called 
W in §8(c)]. The factor of Jl is introduced for convenience. 
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Here g is the "weak charge" introduced in Eq. (42); it is the analogue of e in 
(44). The pure numbers a(a,(3) give the relative size of the different 
amplitudes in W conversion; they are the analogues of the Q a . 

We already know that electromagnetism does not distinguish e from /jl ; the 
weak interaction has the same property, a(v e ,e) = a{v^^), so by appro- 
priately defining g one can set a(v e ,e) = «(^,/x) = 1. This fact is estab- 
lished by comparing the decay rates for A —» Bjjlv^ with those for A — > Bev e .* 
This symmetry of the weak interaction under the exchange (e,v e ) <-» (/x,^) 
is called "e/x universality." Furthermore, lepton number conservation re- 
quires a(v e ,/jb) = a^v^.e) - 0, and therefore 

a(v e ,e) a(v e ,fi)\jl 0\ 

Next we turn to the quarks. Their coefficients a(a,p) can also be written as 
an array like (46): 

\a(c,d) a(c,s)J 

The data to be discussed show that one can redefine the quark states so that A 
also becomes the unit matrix (46). This is achieved by defining a new pair of 
orthogonal states for the Q = —J- quarks:** 

\d') = \d) cos 6 C + \s) sin C , 

11 ' (48) 

\s') = \s) cos C - \d) sin 6 C , 

where 6 C is called the Cabibbo angle. In this representation, the array 
becomes 

a(u,d') a(u,s')\ = (1 0\ 

a(c,d') a(c,s')) \0 1/' l } 

In short, the quark states u, d, c, and s are the degrees of freedom 
appropriate to the flavor-preserving strong interaction, whereas the states 
u, d f , c, and s f are the degrees of freedom appropriate to the charge-changing 
weak interaction. That is to say, the quark states d', s' are the "normal 
modes" that diagonalize the bilinear form (45) for the weak transition 



* Assuming a(e,v e ) = adx.v^) one predicts the ratio of decay rates (tt—> ev)\ (it-* /jlv) to 
be 1.237 x 10~ 4 , whereas the measured value is (1.267 ± 0.023) x 10~ 4 . The observed lifetime 
of t is also consistent with a(r,v T ) = 0(^,1^), etc. 

** The same result can be achieved by a corresponding transformation on the Q - % quarks. 
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amplitude. As (46) and (49) demonstrate, quarks and leptons have the same 
couplings to W's. This is called quark-lepton universality. 
Equations (48) and (49) allow us to rewrite (45) as follows: 



W -^j=l\eV e ) + |/^> + \d'u) + \s'c)\ 



(50) 



This expression displays the remarkably elegant and simple form of the basic 
charge-changing weak interaction. 

Equations (47) and (48) imply that the array A is the orthogonal matrix 

_ / cos C sin C \ 

~ \-sin C cos C )' ^ 5 ' 

Returning to quarks with definite flavors, the hadronic portion of (50) is 
therefore 



VT -* ~=[cos c (\du) + \sc)) + sin c (\su) - \dc))\ (52) 

Let us examine the data from which one infers that A becomes the unit 
matrix in the basis (48). Equation (52) says that for hadrons having no 
c-quarks, AS = ±landA5 = transition amplitudes are proportional to sin C 
and cos C , respectively, and ratios of decay rates can therefore determine 
C . Decays whose comparison are suited to this are 2 + — > Ae + v e vs. 
2~ —» ne~v e , and K — > jjlvvs. tt-+ fiv. A large number of such comparisons 
yield similar values of C , and when combined lead to the result 

6 C = 12.7° ± 0.2°. (53) 

Because 6 C is small, AS = 1 transitions are considerably weaker than AS = 
transitions for hadrons without c-quarks. 

In itself, (53) does not establish quark-lepton universality, because 6 C was 
determined by the ratio tan 6 C = a(u,s)/a(u,d). We also must show that 
a(u,d f ) = 1. This is done by measuring \a(u,d)\ 2 and |tf(M,s)| 2 separately. 
The former is found from the ratio of /3-decay vs. /x-decay, and determines 
sin 2 c ; the latter is fixed by the aforementioned measurement of tan C . The 
result is 

\a(u,d')\ 2 = \a(u,d)\ 2 + \a(u,s)\ 2 = 0.997 ± 0.032. (54) 

Finally we turn to decays involving c. Since C is small, (52) predicts 
that in the decay of charmed hadrons, the dominant decays arise from 
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W~ -* 2~*g cos O c \sc), and therefore require AS = -1, as in the semilepto- 
nic decays c-> slv t . The data confirm this, for they show that the dominant 
electronic decay modes of D + are D + -* K~e + X + ; where X + are Q = 1 
multipion systems. The suppressed decays c —» <i7i>/, being proportional to 
sin C , are difficult to measure, and there is as yet no direct proof, analogous 
to (54), that a(c,s') = 1. 

[Nevertheless, there is indirect but highly compelling evidence that the second 
"charmed" row of A satisfies the condition required of an orthogonal matrix. 
Consider the almost forbidden decay K° -» fJL + fx~ f whose branching fraction is 
~10~ 8 . This process can be caused by the exchange of two TV's, as in 



^ J w (55) 



Let A u and A c be the decay amplitudes when the quark u or c appears in the 
intermediate state. According to (45), each vertex in (55) has a factor ga(a,p), 
whence 

A u =g 4 a(u,s)a(u,d)f(mu,m w ,...), 
A c = g 4 a(c,s)a(c,d)f(m c ,m w ,...), 

where (...) indicates a dependence on the masses of other particles involved 
in the diagrams. The complete decay amplitude is A u + A c , and as one see from 
(51), the orthogonal nature of A leads to 

A u + A c = g 4 cos c sin O c [f(m u ,m w ,...) - f(m c ,m w , . . .)]. 

To the extent that m u and m c are negligible in comparison with m w , the last 
factor vanishes, and the decay is forbidden. The cancellation is not quite 
complete, however, since m u ^ m c , and the small remainder gives a result 
consistent with the observed branching ratio for K° -* /jl + fx~ . On the other 
hand, if A were not orthogonal, the branching ratio would be orders of 
magnitude larger. J 
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70. The relationship between weak and electromagnetic interactions; 
neutral current weak processes 

The theory of charge-changing weak interactions, based on the exchange of 
W ± bosons between fermions, provides an elegant, economical, and highly 
successful description of a vast body of data, as indicated by the foregoing 
review. Nevertheless, this theory cannot be correct as it stands. First, weak 
processes have been discovered that can not be due to the basic mechanism* 
(45) wherein a charged W transforms into a pair f a fp having Q = ±1, but 
which require a transition between a neutral boson and a fermion pair/ a / a of 
Q = 0. Second, a theory with only two oppositely charged intermediate 
bosons leads to grave inconsistencies. It is not possible to discuss these 
problems with the limited amount of quantum field theory that we have 
developed so far, but they will be considered in §VI.A.3 (Vol. II). 

(a) Weak isospin 

An analysis of these undesirable features (see §§IV.A and B, Vol. II) 
reveals that they stem from a lack of symmetry of the charge-changing weak 
interaction. These symmetry features of weak processes can be understood by 
exploiting yet again the observation, made in §B.3(e), that any two-state 
system is mathematically equivalent to a spin, and that the unitary trans- 
formations in that two-state space % 2 are equivalent to rotations in a 
Euclidean 3-space % 3 . 

In the problem at issue the two-state system is any one of the fermion 
doublets (v e ,e), (^,/x), (u,d') or (c,s f ) created by W~ or W + [recall 
Eq. (50)]. As these doublets appear on a completely symmetric footing we 
can, without loss of generality, focus our attention on the (v e ,e) doublet. We 
then introduce a weak isospin, with eigenvalues r=0,i,l,..., and T 3 = T, 
T - 1, . . . , - T, and assign T = \ to this doublet, with T 3 = \ and -\ for | v e ) 
and \e), respectively. Weak isospin is mathematically equivalent to ordinary 
spin, and to the hadronic isospin carried by the (u,d) quark doublet.** 
Nevertheless, hadronic and weak isospin are distinct attributes, since leptons 
have nothing to do with hadronic isospin. The antidoublet (e,v e ) is obtained 
from the doublet by reversing the charge, lepton number, and T 3 ; that is, the 
antidoublet also has T = \ , with e and v e having the eigenvalues T 3 -\ and 
— J , respectively (recall here the analogous situation for d and u, as shown in 
Fig.10). The weak isospin space will be designated by %\. 

* As always, we speak here of the "representative" reactions as defined in §9(c); for an 
explicit statement in the present context, see the discussion following Eq. (60). 

** Of the quark doublets created by the annihilation of W, one resembles the hadronic 
isospin doublet (u,d). This is the weak isospin doublet (u,d') L , where d' is given by Eq. (48), and 
the subscript L indicates that when the motion is ultrarelativistic, only the h = -\ states of the 
quarks (and h = \ states of the antiquarks) contribute to the weak isodoublet, whereas all 
helicity states contribute to the hadronic isospin doublet. A detailed discussion of this distinction 
will be found in §VI.B.l(b), Vol. II. 
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The weak interaction involves fermion-antifermion pairs. For our purpose 
it is necessary to represent such pairs by eigenstates |$p) of the total weak 
isospin of the pair. This is readily done by copying from Table 4 for mesons 
built from (u,d) quarks; as always there is a triplet |$p) and a singlet |4> ): 



|*?>=^(l^e>-|«», 

I*! -1 ) = \ev e ), 



(57) 



l*o> = ^(kA> + l«»- (58) 

Equation (50), and its counterpart W + , read as follows in this language 

|w±) "*72 l<i>fl) - (59) 

As we see, the charge-changing weak interaction only involves two 
members of the T = 1 triplet. The weak interaction can only be invariant if 
the third member, |<S>?), is involved in the interaction with equal strength. As 
we see from (57), |<S>?) is electrically neutral (Q = 0), and it can therefore be 
produced by the annihilation of an electrically neutral field quantum W°. In 
short, if the weak interaction is to be invariant under weak isospin rotations, 
we must introduce a third field to mediate the weak interaction, and 
complement (59) by a new basic transition from the neutral boson W° to a 
neutral fermion-antifermion pair: 

\W°)^^\<S>1). (60) 

As always, the transition in (60) is a "representative" reaction, in the 
sense defined after Eq. (25). Thus (60) also describes processes such as 
e~ — > W°e~, W°v e -^ V e , as well as v e V e -*W°, etc. Furthermore, one 
should not forget that there are other weak isospin doublets, such as (y^ ,/jl), 
(u,d f ), etc., allowing processes such as v^ — > W ^, uW° -* u, etc. As we 
see, the fermion charge does not change in these transitions, as it does in the 
processes involving W ± . For that reason we may call reactions involving W° 
charge-preserving weak processes. 

(b) The electroweak connection and the charge-preserving weak interaction 

Let us now turn to electromagnetism. It is obvious that this interaction 
does not conserve weak isospin, for it only involves e, the T 3 = -\ member 
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of the (y e ,e) doublet.* Consequently our guiding principle — invariance in the 
weak isospin space — does not allow us to add the electromagnetic interaction 
to the symmetric weak interaction involving W + , W°, and W~. On the other 
hand, there is one linearly independent fermion-antifermion state which has 
not yet been coupled to any field quantum, the invariant (T = 0) combination 
|4> ). Because it is a scalar under weak isospin rotations, the interaction of 
this electrically neutral combination will not spoil what we have already done. 
We therefore introduce a new field, with an electrically neutral quantum B°, 
which, on annihilation, produces |<S> ): 

|*°>^V%'<G>|*o>- (61) 

Here g' is a coupling strength analogous to e or g, the factor J2 is an 
arbitrary but convenient convention, and (Q) is the mean charge of the 
doublet in question, i.e., (Q) = -\ for leptons and \ for quarks. Note that 
(61) does not distinguish between the members of a T doublet. 

In sum, we now have four basic transmutations between fields and fermion 
pairs, as given by Eqs. (59-61), and full symmetry. That symmetry implies 
that W° and B° are spin 1 quanta, like W + and W~ . 

The basic electromagnetic transmutation is given by (44) in all generality. 
For a lepton doublet this can be abbreviated to 

\y)-*-e\ee). (62) 

But |$ ) and |4>?) are linear combinations of \ee) and \v e v e ), and therefore 
(60) and (61), with (Q) = -\, can be combined to form the \ee) state 
produced in the electromagnetic interaction: 

8\B°) + 8'\W°) .1 gg' n 

7?TF T2^Tg^ {m '* o)3 

88 ' \ee). (63) 



Here the factor (g 2 + g' 2 )~* normalizes the state to unity. On comparing to 
(62) we have 

|T> = ~WT7- ■ (64) 

Equation (64) says that the photon is a coherent superposition of two states, 
one of which is on a symmetric footing with the charged states W ± 

* In the case of quark doublets both members participate in electrodynamics, but asymmetri- 
cally, because they have charges -§ and —J; see below. 
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responsible for the charge-changing weak processes.* Equations (62) and (63) 
also imply that the charge on the electron, the "weak charge" unit g, and the 
constant g f introduced in (61) are related by 



This is a universal relation between e, g, and g' . 

[In the case of a quark doublet [(w,d'), for example] the derivation proceeds as 

follows. As in (57) and (58), we define T 3 = states with T = 1 and T = 0: 



\^)=±(\uu)-\d'd')), (57) 

|<f> > = 4= (l w "> + l rf ' 3 '»' < 58 ') 

V2 



But (62) now reads 



\y)^>eft\uu)-$\d'd')l (62') 

Combining (60) and (64) with (61), where (Q) = £, we get instead of (63): 

Vg + g y/g + g 

which, indeed, is the correct coupling of quarks to photons by virtue of (65).J 

We have introduced two new neutral field quanta, B° and W°, and shown 
that one linear combination, Eq. (64), is the photon. Consider the orthogonal 
linear combination, called Z°: 

|z ck _ g|W°) - g'\B°> 

Since |Z°) is linearly independent of the photon, there are two distinct 
interactions wherein field quanta transform into electrically neutral fermion 
pairs. One is the electromagnetic interaction, as represented by (62) or by 
(63'); the other is a weak charge-preserving interaction in which the quantum 
Z° annihilates into fermion pairs. 



* As the admonition in the footnote related to Eq. (45) emphasizes, these relations between 
quanta are only correct at energies large compared to all masses. In §VI.B.2, Vol. II we shall show 
that (64), as it stands, is a generally valid relation between fields [see Eq. VI.B(47)]. 
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By using Eqs. (60), (61), and (66) we may construct the fermion state that 
is created by this Z° annihilation: 

l z °> -> jf + g.2 ' 7! [g2|$?) _ 2 s' 2 <Q>\^o)l (67) 

It is instructive to write this as a linear combination of |$i), and the state 
|$ em ) produced by y annihilation. For any given doublet (/ 1? / 2 ), the latter 
can be written in the notation of (44): 

l*e»> = 2 G-l/«7->- (68a) 

a = l,2 



In this notation the state |<f>?) is 

|*?> = V22 T 3a \fJ a ), (68b) 

a = l 

where T 3a = \ and -^ for a = 1 and 2 respectively. The desired result can be 
obtained by adding and subtracting g' 2 (Q)\<J>i) inside the brackets [ ] of 
Eq. (67); on using (57) and (58) one finds 

g' 2 



•J 8 + 8 

It is customary to express this in terms of the electroweak mixing angle d w 
(also referred to as the Weinberg angle), denned by 

sin 6 W = , / ti . (69) 

y/g + g 



In terms of W , |Z°) is* 

" 1 



\Z°) 



cos 6 W 



-ft |<D?) - sin 2 ^ w |<D em ) 



This Z° transmutation law applies to all doublets. It can be written in a 
more convenient form by using the expressions for the fermion states given 

* In this derivation, we have purposely glossed over the fundamental distinction between the 
weak and electromagnetic interactions insofar as parity violation is concerned. In particular, the 
states |4>p) only contain fermions of h - — J, and antifermions of h = -J, and are therefore not 
states of well-defined parity, whereas |<t> em ) has the odd parity of the photon. Despite this 
"oversight," the final result (70) is correct. A complete derivation is given in §VI.B.3 (Vol. II). 
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in (68): 

\Z°) -+ — £— 2 (T 3a - Q a sin 2 MI fa7«). (70) 

cos e w a 

Hence any member of a weak isodoublet has a coupling to Z° that is 
proportional to its eigenvalue of (T 3 - Q sin 2 0w). 

The Z° transmutation law (70) explicitly displays the electroweak 
connection: The charge-preserving weak interaction is completely fixed by the 
electromagnetic interaction, and the charge-changing weak interaction. In 
principle, the latter determines the coupling constant g, and also the state 
|Oi), for it is a member of the same multiplet as the states |4>f *) involved in 
W ± processes. The electromagnetic interaction then determines 6 W , because 
(65) and (69) imply e = g sin 6 W , while the state |$ em ) is found from the 
annihilation of y. Nothing else enters into the amplitudes for Z° creation, or 
annihilation, as (70) shows. The situation is not so simple at energies well 
below 100 GeV, however. In that regime all charge-changing reaction 
amplitudes are proportional to g/m w , and g cannot be measured directly (see 
§VI.A, Vol. II). Nevertheless, as we shall see shortly, tests of the electro- 
weak theory are still possible at such energies. 

(c) Symmetry breaking 

Symmetry in the weak isospin space %* leads inexorably to an electroweak 
connection. On the basis of that symmetry one would expect the members of 
the weak isotriplet (W + ,W°,W~) to be degenerate in mass, and the singlet B° 
to have some other mass. Yet one linear combination of W° and B°, the 
photon, is massless; the orthogonal combination Z°, and W ± , have masses of 
order 100 GeV. In short, the mass spectrum of the field quanta does not 
display the assumed symmetry of the electroweak interaction. 

This puzzling situation occurs in many physical systems, for example, in 
ferromagnetism. The Hamiltonian for an iron crystal is invariant under spatial 
rotations. Nevertheless, the ground state is not invariant: It distinguishes a 
specific direction — the direction of magnetization. To an observer living 
inside the iron crystal, the rotational symmetry would be hidden; only 
appropriate measurements, combined with a sound understanding of ferro- 
magnetism, would allow such an observer to discover the rotational in- 
variance of the dynamical laws that govern his environment. When the 
temperature (i.e., the energy) of the crystal is raised above the Curie 
point, the magnetization disappears, and the rotational symmetry becomes 
manifest. One says that the symmetry is spontaneously broken in the 
low- temperature phase, a term borrowed from the term * 'spontaneous mag- 
netization." As we have seen, the symmetry actually survives, but it is 
hidden from view. 

In the current theory, the weak isospin symmetry breaking is introduced by 
the so-called Higgs mechanism. One postulates the existence of a Higgs field, 
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which is a scalar under spatial rotations (i.e., has spin zero quanta), but is a 
weak isodoublet. This field is coupled in a symmetric manner to quarks, 
leptons, Ws, and Z's. The essential assumption is that the ground state of the 
system — the vacuum — is asymmetric, even though the basic Hamiltonian of 
the system is fully symmetric. This vacuum asymmetry emerges from a 
Hamiltonian that is % ^-symmetric, but having a minimum when a member of 
the Higgs doublet (say the one with T 3 = -~J) has a nonzero value in the 
vacuum. A particular direction in the space %\ is therefore singled out, and 
this hides the weak isospin symmetry. The analogy to ferromagnetism is 
self-evident: The Higgs field with a nonvanishing vacuum expectation value 
plays the role of the magnetic field. 

This picture adds a new feature to the vacuum. All other fields — the 
electromagnetic, weak, and strong fields, and those that describe the fer- 
mions — have fluctuations about a vanishing expectation value in empty 
space. 

Because of the vacuum asymmetry, the phenomena that stem from the 
coupling of the Higgs field to the fermions and bosons no longer manifest the 
underlying, hidden, weak isospin symmetry. At energies large compared to 
100 GeV, all masses are negligible and the weak isospin symmetry is 
manifest, but at low energies it is hidden. This is especially true of the masses 
of the field quanta, because the coupling of the Higgs field to the vector fields 
that mediate the electroweak interaction is arranged so as to give the W and 
Z° masses in the 100 GeV range, while maintaining the photon mass at zero. 
Despite this apparent symmetry breaking, low-energy experiments on weak 
and electromagnetic phenomena can reveal the underlying weak isospin 
symmetry, just as appropriate observations inside a ferromagnet can uncover 
the hidden rotational symmetry. 

Whether the Higgs mechanism is actually the correct explanation of the 
breaking of weak isospin symmetry that we observe is not at all clear at this 
time. As it stands, this theory predicts the existence of an electrically neutral 
spin-zero "Higgs particle," but it cannot predict its mass. No particle 
answering to this description has been found as yet. 

The theory of symmetry breaking that we have just sketched (the so-called 
Weinberg-Salam model) predicts a definite ratio between the masses of W 
and Z° determined by the electroweak mixing angle: 

m w 

= cos W . (71) 

m z 

Neither the coupling constants g and g', nor the actual values of m w and ra z , 
are determined by the theory. What the theory does predict is that the mass 
ratio (71), and the coupling constant ratio e/g [recall Eq. (69)], satisfy 
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As we have already emphasized, the theory also specifies the complete 
structure of the Z°-mediated weak interaction in terms of the electromagnetic 
and W ± -mediated weak interactions. 

(d) Determination of 6 W , m w , and m z . Observation of W and Z 

Finally we come to the determination of the masses of the intermediate 
bosons, and of the angle 6 W . At energies small compared to M w , the 
amplitudes for charge-changing weak processes are proportional to (g/m w ) 2 , 
as we saw in Eq. (42). Hence the measurements of weak decay rates (e.g., for 
ix->evv) determine this ratio, and tell us that (m w /g) = 123 GeV. By using 
g = e/sin W , and Airfe 2 = 137, one obtains m w = (37.3/sin 6 W ) GeV. At 
the level of accuracy required by current measurements, corections due to 
higher order perturbations arising from the weak and electromagnetic 
interactions must be included. These have been computed [see Kim (1981); 
Marciano (1983)] and give the final result 



38.7 



% = 



sin 0i 



GeV. 



(73) 



w 



The parameter 6 W can be determined from Z°-mediated weak processes. 
The basic Z° fermion pair vertices are 




where / a is any lepton or quark. As is clear from (70), these amplitudes for 
Z° «-» f a f a depend on W , and also on the weak isospin and charge of the 
fermion f a . By combining two vertices of this type we obtain a host of 
charge-preserving "neutral-current" weak processes. Among these, consider 
in particular 





(a) 



(b) 
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where q is any quark. Here (a) is a neutrino collision in which there is a 
neutrino in the final state, in contrast to the "charged current" reactions 
mediated by W ± exchange with a charged lepton in the final state. The 
mechanism 74(a) gives rise to so-called "neutral-current" neutrino reactions 
vA -* vX, where A is a nucleus, and X some hadronic state.* Diagram 74(b) 
gives a contribution to electron-nucleon scattering; in contrast to the 
dominant electromagnetic process due to y-exchange, it is parity violating, 
and can therefore be detected by measuring the difference in cross sections 
for electrons with helicity \ and -\. 

At this time the most accurate determination of 6 W comes from measuring 
the following ratios of total cross sections: 

g( y* -» *y) and o-(iyA -» iy) 
<r( V 4 ~* V) o-i^A -* /Z) ' 

where A is a complex nucleus. These ratios are known functions of the 
parameter sin 2 w , as we shall demonstrate in §VI.B.3 (Vol. II). In this way 
one finds that* * 

sin 2 w = 0.217 ± 0.014 (75) 

The rather high accuracy of this result is due to the very large number of 
neutral current neutrino events that have been observed. An independent 
determination of sin 2 w is provided by the observed magnitude of the parity 
violating asymmetry in eN scattering; this gives sin 2 w = 0.223 ± 0.015, in 
agreement with (75). There are also several other independent measurements 
of sin 2 w ; they are of lower accuracy, but consistent with the two results that 
we have quoted. f 

These experiments also allow one to extract the ratio m w /m z cos 6 W , 
even though they do not determine the masses (see §VI.B.3, Vol. II). The 
result is 

m w 

= 1.02 + 0.02 



m z cos 6 W 
in excellent agreement with (71). 

* A "neutral-current" neutrino event is differentiated from events such as the ones shown in 
Figs. 29(b) and 33 in that there is no muon track, only a hadronic shower. We should also remark 
that the word "current" is apt in these weak processes, for reasons to be explained in Vol. II, 
Chap. VI. On the other hand, the terminology "charged" and "neutral" has no rationale, as we 
shall see there; like many other bits of unfortunate jargon, they seem to have gained a permanent 
niche. 

** The results quoted here are from the review of Marciano (1983), where references to the 
original measurements can be found. Also see Kim (1981). 

+ The neutrino and eN data, when taken together, also confirm that the coupling of the 
various quarks and leptons to Z° is given by Eq. (70), i.e., is proportional to the eigenvalue of 
(T 3 - Q sin 2 w ) for the fermion in question; see §VI.B.3, Vol. II. 



E T = 27 GeV 



E T = 28 GeV 
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Fig. 37. Observation of events interpreted as due to the production and decay of vector bosons 
that mediate the weak interaction. These results are from the UA1 Collaboration's detector at 
the CERN SPS pp collider operating at a total c.o.m. energy of 540 GeV. Similar results have 
been reported by the UA2 Collaboration (1983), whose detector was already described in 
Fig. 28. The UA1 detector can discriminate between electrons, muons, and hadrons, and it is in a 
magnetic field, so it also determines the sign of the charge. Events due to the mechanisms of 
Eq. (77) are selected from a very large background of purely hadronic collisions by requiring one 
or more charged leptons with a large component of momentum transverse to the pp direction. 
Events with two oppositely charged, high-momentum leptons are candidates for Z° produc- 
tion. Such events are ascribed to Z° if the leptons' transverse momenta balance to within an 
amount consistent with that carried off by the low energy hadrons that are also produced. An 
event of this type [from UA1 Collaboration (1983b)] is shown in (a). The coordinate mesh (<p,rj) 
in this histogram represents the angular segmentation of the detector, which covers virtually the 
whole solid angle surrounding the interaction region. The pp direction is taken as the polar axis, 
while (p is the azimuth, and 17 = In tan ^0, where is the polar angle. Each detector cell measures 
the energy E deposited in it. The vertical columns show the quantity E T = E sin 0, which equals 
the transverse momentum p T for relativistic particles. The event shown in (a) is seen to have a 
highly energetic back-to-back e + e~ pair, of which the positive member has traversed two cells, 
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The measured value of 6 W allows us to predict the masses of the 
intermediate bosons. From (71), (73), and (75) one finds 

m w = 83±3 GeV m z = 94±2 GeV (76) 

These large masses indicate the magnitude of the symmetry breaking in the 
electroweak theory. The masses of W and Z° are almost as large as that of an 
atom of silver! Only at energy exchanges much larger than m w and m z is the 
underlying symmetry apparent to the uninstructed observer. But we have 
exploited weak isospin invariance in the low-energy regime, where the 
symmetry is hidden, to predict the detailed structure of Z°-mediated weak 
interactions. As we have seen, independent measurements give the same 
value of the basic parameter 6 W . In §VI.B.3 (Vol. II) we shall learn that more 
detailed properties of Z°-mediated processes are also in accord with the basic 
Z°-transmutation law, Eq. (70). 

That several different experiments give the same value of d w , and are 
consistent with Eq. (72), constitutes an impressive success of the electroweak 
theory. But in all these "low-energy" experiments, the propagation of the 
field quanta W + , W~, and Z° is not observable, and a static approximation 
analogous to the Biot-Savart law can describe virtually all the data. 

A set of very striking events observed at CERN in pp collisions has, 
however, given the first direct evidence for the existence of these field quanta 
(UA1 Collaboration, 1983a & b; UA2 Collaboration, 1983). These events 
are, presumably, due to the annihilation of a quark in p with an antiquark in 
p, and the subsequent formation of W ± or Z°, which then decays leptonically: 

ud -► W + -* Tv e , ud-*W~ -+ lv h and qq -> Z° -* If. (77) 

The charged leptons / and/or / are observed as highly energetic tracks, 
accompanied by low-energy hadronic debris produced by the four quarks and 
antiquarks that are spectators in the collision (see Fig. 37). The initial 
observations cited above, when combined with more recent data (see 
Appendix I, Table 1), are in excellent agreement with the theoretical 
predications of Eq. (76) and provide a striking confirmation of the elec- 
troweak theory. That the charged lepton in an event of the W-type [see 
Fig. 37(b)] is actually produced by the weak interaction is confirmed by the 



accompanied by low energy particles. The Z° mass (and momentum) is determined directly 
from the e + and e~ momenta. 

Events of the "W-type" require a more sophisticated analysis, because they supposedly have 
an energetic neutrino in the final state that is not detected. That is, events of this type have one 
lepton with large £ T , and a large (^15 GeV) apparent violation of energy and momentum 
conservation. The histogram for such an event [from UA1 Collaboration (1983a)] is shown in (b). 
By definition, the Wmassls found by ascribing the missing energy and momentum to a (massless) 
neutrino, and by fitting the charged leptons' observed momentum distribution with a formula 
derived from the theory sketched in the text. 
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observation (Spiro, 1983) of parity violation, in that such leptons display a 
fore-aft asymmetry with respect to the incident proton direction having a 
magnitude consistent with the theoretical expectation.* 

A word of caution is in order, nevertheless. The electroweak theory 
supposedly incorporates quantum electrodynamics, and it must therefore pass 
very stringent tests if its validity is to be fully established. For example, the 
higher order corrections mentioned in connection with Eq. (73) will have to 
be confirmed in detail by high precision experiments. At this time the most 
promising technique for this purpose appears to be ee — > Z°, where Z° would 
then be observed to decay into /T, or into hadrons. These matters are taken up 
in §VI.B.3, Vol. II. 



11. Neutral kaons and CP violation 

The neutral ^-mesons give rise to a number of unique phenomena of great 
interest. On the one hand, some of these phenomena provide a particularly 
striking demonstration of the basic principle that a linear superposition of two 
state vectors is again a state of the system. On the other, a study of neutral 
^-decays shows that CP reflection, as defined in §9(f), is not an exact 
symmetry of nature. 

(a) K°-K° mixing 

As we learned in §3(b), there are two neutral kaons, K° and K°, with 
strangeness 5=1, and -1, respectively. They are the isospin partners of 
K + and K~, respectively, and thereby form two distinct I - \ doublets (see 
Table 2), K and K. 

K° and K° are stationary eigenstates only as long as one ignores the weak 
interaction i/ wk , which does not conserve strangeness. Since H wk is so feeble 
in comparison to the strong interaction, H st , this is a highly accurate 
approximation that holds under almost all circumstances. But it does not hold 
for neutral kaons, and they owe their singular role in particle physics to this. 

To understand why the neutral kaons are unusual, we first examine a 
general problem in quantum mechanics. Consider a Hamiltonian H that can 
be split into two parts, H = H + H u with H far larger than H x . Let 
(H - e n )\il/ n ) = 0. As Hi produces transitions among the |i/f w ), we can 
simplify the discussion by assuming that Hi has only off-diagonal elements 
whose order of magnitude is M. If Hi is to have an appreciable effect on 
any state |i/f„), there must be at least one other state |i/f m ) that is nearly 
degenerate with \ift n ). By "nearly degenerate" we mean that A = \e n - e m \ 
must be of the order M , or smaller. If A is not zero, the perturbed nth 
eigenstate will have an admixture of |i/f m ) of the order M/A. When the 



* The sign of this asymmetry can be deduced from Fig. 36, and its counterparts for u3 -» W + , 
etc. 
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unperturbed states are degenerate (A = 0), the perturbation Hi will lift the 
degeneracy, and the new eigenvectors will be (|i/f w ) ± \$ m )/j2 if H x is 
Hermitian.* _ 

In our problem H = H st , and Hi = // wk . The two states K° and K° are 
degenerate eigenstates of H st since they have the same mass if // wk is 
neglected. But despite its weakness, // wk cannot be neglected, because it does 
not conserve strangeness, and can therefore cause transitions between K° 
and j^°. As a consequence, the true eigenstates of H st + // wk are linear com- 
binations of \K°) and \K°). Virtually no other particle possesses these 
properties. * * Consider, for example, the pairs A 6 , A , and K + ,K~. In addition 
to strangeness, they also carry the exactly conserved quantum numbers 
B = ±1 and Q = ±1, respectively. Consequently, Jhe strangeness- violating 
interaction // wk cannot cause the transitions A <-» A or K + <-» K~~ between 
these degenerate pairs of states. 

Let us examine the K°-K° transition more closely. It corresponds to a 
change A 5 = 2 in strangeness. The charge-changing weak interaction can 
only produce AS = ±1, asjs clear from Table 7, or Eq. (52). Nevertheless, 
the AS = 2 transition K°-K° does occur as a two-step process. For example, 
if both K° and K° can decay into some state *, then K° <-» x <■* ^° will 
connect K° and K°. Examples of such states \ are / n* +/ n"~ and 7r + 7r"7r°. In 
terms of quarks and W's, one can also depict the K°-K° mixing mechanism 
by Feynman diagrams, one example being 



u __ 

-*l \ « « d 



K° WS SW K° (7g) 



d ^ 



As we see, two W's are exchanged in a sequence of two AS = 1 transitions. 
The neutral-current weak-interaction, as mediated by Z°, cannot cause a 
K° ** K° transition because this interaction conserves all flavors, as we shall 
demonstrate in §VI.B.3, Vol. II. 

The eigenstates \K lf2 ) of H st + // wk are some linear combination of \K°) 
and \K°). If CP is a symmetry of // wk , as we shall assume for the time being, 
one can construct \K lt2 ) without computation. Since S— » -5 under C, 
C\K°) = \K°). For free particles, the spatial wave functions of K° and K° are 



* In this last connection, see the footnote on p. 153. 

*^An exception are the charmed mesons D° and D°. Since charm is not conserved by H wk , 
D°-D° mixing can occur, but has not been observed thus far. The same remark applies to the 
Q = mesons B° and B° containing a b or b quark. 
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identical, so P has the same effect on both. We therefore have* 

CP|^°> = \K°), - 

CP\K°) = \K°). 

If CP is a symmetry of H wk , \K ly2 ) must be eigenstates of CP. In view of (79) 
these eigenstates are 

i*i> = -4 (i*°> + i* °»> 

V (80) 

'* 2> = ~k (l ^ 0> ~ ^ 0>) ' 

The masses m x and m 2 of these states differ by a very small amount (see 
Appendix 1.2). 

As seen from (79), \K t ) is even, and \K 2 ) is odd under CP: 

CP\K X ) = \K t ), 

( 81 ) 

CP\K 2 ) = -\K 2 ). 

Our provisional hypothesis that CP is a symmetry of if wk then implies that the 
weak interaction will cause lA^) and |^ 2 ) to decay into final states that are, 
respectively, even and odd under CP. 

Consider the final states 7777 and 777777. Since kaons have / = 0, the 7777 
state has vanishing orbital angular momentum, and even parity, because its 
parity is the product of the spatial parity +1, and two factors of -1 for the 
intrinsic parity of each pion. In the case of 77 + 77~, C interchanges the two 
pions, but this leaves an 5-state unaltered. As a result, 7777 is even under CP, 
and only K x can decay into it. As we shall show later, 777777 is odd under CP, 
but that is not important at the moment, because Tun^ — 420 MeV, which is 
rather close to m K o — 498 MeV, while 2m n — 280 MeV, which is not. The 
small energy release in 377 compared to 277-decay means that a state that can 
undergo 277-decay will have a far shorter lifetime than a state that is 
forbidden to decay in this way. From this we conclude that K t , which can 
decay into 277, will have a lifetime T t that is much smaller than the lifetime r 2 
of K 2 . 

This difference of lifetimes has remarkable consequences. Consider a 
neutral kaon produced in some strong reaction, say in association with A in a 
77-/7 collision. Since H st conserves 5, any state produced in conjunction 
with A must have the eigenvalue 5=1, and is therefore \K°). But I& ) is not 
an eigenstate of H st + // wk , so it has no well-defined mass or lifetime. To 
determine its time evolution, we must decompose \K°) into the eigenstates 

*Or, to be precise, we are free to adopt a phase convention such that (79) holds. 
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| £1,2) of H st + // W k, which have the simple time dependence e~ imkt e~* t/rk , 
where m k and T k are the mass and lifetime of \K k ). The time dependence* of 
the iC°-state is then given by substitution into (73): 

\K\t)) = -^{expC-iwhO expC-ir/rOI^) 

+ exp(-/m 2 f) exp(-ir/r 2 )|^ 2 )}, (82) 

This equals \K°) at the time of production, t = 0. At times f satisfying r ^ Tx , 
\K\) and |if 2 ) are both present in \K°(t)), and one will observe the tttt decay 
mode stemming from \Ki). But for t > r 1? the rapidly decaying component 
l^x) will have disappeared, and only \K 2 ), which cannot go into 27r, will 
remain. To summarize, if one observes the 2tt- and 37r-decay modes 
following K° production, one should see two quite different exponential 
decays: a rapidly decreasing number of 27r-decays, and a much more slowly 
decreasing number of 37r-decays. If the kaons move with high velocity, 
37r-decays will be observed at much larger distances from the i£ -production 
region than 27r-decays. 

This phenomenon has been studied in great detail. The short lifetime t x 
is 0.89 x 10" 10 sec, whereas the long lifetime r 2 is 0.52 x 10" 7 sec. The 
27r-decay mode accounts for —100% of the K x -decays, whereas 37r-decay 
provides —34% of the AT 2 -decays. In the latter case some 65% of the decays 
go into the semileptonic modes tt^l^v, where / is e or fi, and v the neutrino 
dictated by conservation of JV/. That r 2 ~ lO 3 ^ is consistent with what one 
expects from 37r- vs. 27r-decays because of the large difference in available 
phase space.** 

Another interesting effect comes to light if one asks how a neutral kaon 
beam interacts with hadrons, say a hydrogen target. The resulting reactions 
are very sensitive to whether the collision involved an 5= +1 or 5= -1 
projectile, because there are many 5 = -1 baryons that can be formed in a 
Kp collision, whereas there are no baryons with 5=1 (see Table 1). But the 
admixture of 5 = 1 and S = -1 in (82) changes with time! It is straight- 
forward exercise to verify that Eqs. (82) and (80) lead to the conclusion that 
at time t the probability of finding K° in |i^ (r)) is 



P(K°,t) = \ 



exp(-r/r!) + exp(-r/r 2 ) 



+ 2 exp 



1 [ .1 .1 

2 In r 2; 



cos(fAra) 



(83) 



* This is the time dependence in the rest frame, where the energy is equal to the mass. Further 
discussion of the exponential decay factor will be found in §111. A. 3, Vol. II. If the particles move 
with velocity v, one must make the substitutions m — » ym, t— » yr, where y = (1 - v 2 )~ 

** Semileptonic decay of K x is also possible, but is very rare in comparison to the dominant 
2tt mode. 
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where Am = \nti - m 2 \ is the K x - K 2 mass difference. If the kaon beam 
is fairly monoenergetic, one should therefore see a variation in 5 = 1 
vs. 5 = -1 final, states as one changes the distance between the secondary 
target, and the K° production point. Because of the oscillating factor cos fAra 
in (83), this permits a measurement of Am, with the result that Am = 
3.52 x 10" 6 eV. This remarkably small mass difference is of the mag- 
nitude that one expects from the mechanism depicted in Eq. (78). 

The considerable difference between KN and KN interactions to which we 
have just referred leads to the regeneration phenomenon. Consider, for the 
sake of concreteness, a pure # 2 -beam, which is what one has if one goes far 
from the production region. We then examine this beam after it has passed 
through a slab of matter. Because K° and K° have quite different interactions 
with nucleons, and are not mixed by the strong interaction, it is convenient to 
decompose \K 2 ) into \K°) and \K°) before ft enters the slab. After passing 
through the slab, these become T\K°) and T\K°), where Tand T are quite 
different transmission amplitudes. As a consequence, the transmitted beam 
is* 

l^2)trans=-^[T , |^°)-f|^ )] 

= \[{T- f)|tf 1 > + (T+ T)\K 2 )], (84) 

where (80) and its converse were used. As we see, the short-lived K x 
component has been regenerated, and is readily observed by detecting 
copious 27r-decays on the downstream side of the slab far from the produc- 
tion points, whereas there are no** 27r-decays on the upstream side of the 
slab. f 

(b) CP violation 

Our first task is to examine the CP transformation of the three-pion decay 
mode of the neutral kaons. We begin with 7r°7r 7r°; the analysis of 7r + 7r°7r~ is 
similar, though a bit more complicated, and leads to the same result. Let L be 
the orbital angular momentum of two 7r°'s in their c.o.m. system, and 1 the 

* We assume the slab is thin enough to allow us to ignore the time dependence due to decay, 
and the K x - K 2 mass difference. 

**Here we ignore a small (~10~ 3 ) contamination of 27r-decays due to CP-violation. 

+ All the effects we have just discussed have analogies in optics. Consider a slab of material in 
a magnetic field, and photons travelling along the field direction. The index of refraction and 
absorption coefficient for left and right circularly polarized photons, \L) and \R), will differ, and 
there will be no mixing between \L) and \R). Assume that the absorption coefficient for \R) is 
much larger than that for |L), and allow one of two linearly polarized waves, \x) or | v), to fall on 
the slab. What then occurs is precisely analogous to the neutral kaon phenomena if one makes 
the correspondence |*> -* |# >, | v) -^ \K°), \L) -+ \K } ), \R) -* \K l ). If only \L) survives after 
transmission through the slab, another thin slab in which the magnetic field is oriented along a 
different direction will "regenerate" \R). 



11. NEUTRAL KAONS AND CP VIOLATION 153 

orbital angular momentum of the third 7r° with respect to the c.o.m. of the 
other two. Then J = L + 1; but kaons have no spin, so / = 0, and therefore 
L = I. Any two 7r°'s must be in a symmetric state because they are identical 
bosons, whence L = 0, 2, . . . , and therefore the final state is L = / = 0, 

2, All such spatial wave functions are even under space reflection; 

furthermore, C leaves all 7r°'s unaltered. As a result, the CP eigenvalue of a 
/ = 0, 37T° state is (-1) 3 = -1, because each rr has odd intrinsic parity. This 
establishes our earlier claim that the 3 tt -decay mode is odd under CP. 

If CP is conserved, neither of the eigenstates \K t ) and \K 2 ) can decay into 
both 2tt and 3 it. Refined observations show that the long-lived component of 
a neutral kaon beam decays into both 2tt and 7>tt. Consequently this 
long-lived state \K L ) cannot be \K 2 ), but must be a mixture of the CF-even 
and CP-odd states.* The observed branching fractions of \K L ) into the 
CP-even 2 tt -states are 

K L -+ 7r + 7r- : (2.03 ± 0.05) x 1(T 3 

(85) 
-^ 7T°7T° : (0.94 ± 0.18) x 1(T 3 . 

Hence CP violation is a very small effect which, at this time, has only 
revealed itself in the remarkably sensitive neutral kaon system. 

An even more graphic demonstration of CP violation is provided by the 
semileptonic decays of K L . Consider the final states X = ir + e~v e and 
X - 7r~e + v e . Under CP, X <-» X, so if CP were a symmetry, and the initial 
state an eigenstate of CP, the rates for decay into X and X would have to be 
equal. The experimental facts (see Fig. 38) are 

Rat e (K L ^7T-l + v) - Rate(^^ T7 + /-P) „ , + n n v in _ 3 , fi ~ 
Rate(^-^-r,) + Rate(K^,r+riO = (33 ± 01) X 10 • < 86) 

where / is e and fi. In other words, the object K L prefers to decay into 
positrons rather than electrons, and thereby provides a clear-cut distinction 
between matter and antimatter. This allows us to give a convention- 
independent definition of positive charge: it is the charge carried by the 
preferentially emitted spin \ particles stemming from the long-lived compo- 
nent of a neutral kaon beam. 

* The long-lived and short-lived eigenstates are 

\K L ) = (1 + |e| 2 )-*[|tf 2 > + b\K,)1 
\K S ) = (1 + N 2 )-*[|*i> + e\K 2 )] 9 

which reduce to \K 2 ) and |J£ a ) if e = 0. The CP violation parameter e is defined as 
e = (2i7+_ + i7oo)/3, where 17 + - = A(K L —> Tr + Tr~)/A(K s —> 7r + 7r~), and 1700 is the same 
ratio of decay amplitudes for the 7r°7r° mode. The measured value is e — 1.6(1 + 1) x 10~ 3 . 
Incidentally, there is no typographical error: \K L ) and \K S ) are not orthogonal if e ^ 0. The 
effective Hamiltonian that describes the neutral kaons is not Hermitian because it describes their 
decay into other states-, and its eigenvectors are only orthogonal under certain conditions which 
are not met if CP is violated. For a detailed treatment of neutral kaons, see Lee and Wu (1966); 
Gottfried (1970), §3.6; and Lee (1981), §15.3. 
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Fig. 38. CP violation in K° -* irev e decay, and oscillations due to the K L - K s mass difference, 
Am. This experiment (Gjesdal, 1974) measures the asymmetry, defined as in Eq. (86), as a 
function of the elapsed proper time t between K° production and decay. 

Energy and momentum conservation, together with the known direction of the kaon beam, 
suffice to determine the K° momentum, and therefore the relationship between proper time and 
the distance between the production point and the decay vertex. The oscillatory behavior of the 
asymmetry arises because \K°(t)) is a superposition of \K L ) and \K S ), having a form similar to 
Eq. (82), though somewhat more complicated because of CP violation. To a good approxima- 
tion, the asymmetry as a function of t is given by 

2(1 - |*| 2 )|1 - *|- 2 [Re e + exp(-T/rJ cos(rAm)], 

where e is defined in the footnote on p. 153, and x is the ratio of amplitudes for #°-versus 
#°-decay into the final state ir~e + v e . Among other things, these data determine the mass 
difference Am quoted in Appendix 1.2. 



At this time it is not known whether CP violation is due to the 
conventional weak interaction, or to a distinct interaction. 



12. Synopsis: the Standard Model 



This volume has presented an overview of the concepts of particle physics. It 
began with concepts that prevailed when modern physics was born some three 
centuries ago, and ended with concepts that recent research has firmly 
established. Our purpose in this section is to summarize this newly found 
orthodoxy, which is frequently called the Standard Model. The last section of 
this volume will venture into territory that is still largely uncharted. 
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(a) The Quantum Ladder 

The internal structure of matter reveals a most striking feature which 
we shall call the Quantum Ladder. Each rung of the Ladder pertains to 
phenomena that have quite unique properties, and therefore appears as a 
distinct branch of physics. A rung is distinguished from its neighbors by a 
dramatic difference in the order of magnitude of the energy transfers, and 
therefore in the dimensions of the motions involved. 

Three rungs on the Quantum Ladder are now firmly established:* 

1. The atomic rung, characterized by energy exchanges AE C of order eV, 
and characteristic dimensions R c of order 10" 8 cm; 

2. The nuclear rung, where AE C ~ 10 6 eV, and R c ~ 10" 12 cm; and 

3. The subnuclear rung, with AE C ~ 10 9 eV, and R c ~ 10~ 13 - 10" 14 cm. 
Within each rung there is a rich spectroscopy whose level spacings are of 
order AE C . 

The existence of the Quantum Ladder has a profound influence: degrees of 
freedom that are active in one rung are frozen in the rungs below. This is so 
because systems whose internal motions provide the excitation spectrum 
within a given rung are in their ground states when the energy available 
confines observation to a lower rung. Objects that obviously have internal 
structure when viewed from the vantage point of the higher rung therefore 
appear as structureless in all phenomena on any lower rung. Hence the atom 
is an elementary particle in gas kinetics, the nucleus in atomic physics, and so 
on. 

In view of this, it is natural to ask whether there is such a thing as absolute 
elementarity — whether the Ladder has infinitely many rungs. No known 
principle requires that. It is quite possible that the Ladder is finite, and that 
some of the objects that we now call elementary particles have no substruc- 
ture whatsoever. Obviously such a contention could never be established 
purely by experiment. But one can imagine the existence of a theory that 
involves structureless objects, and whose predictions are so logically compel- 
ling and empirically successful, as to engender confidence that those objects 
are, indeed, elementary. The present state of theoretical physics is so far from 
such an ideal and complete theory that there is no justification for dwelling on 
the implications of such a possibility. 

While bearing in mind that further rungs on the Ladder may exist, we must 
take stock of those objects that are today's candidates for ultimate elementa- 
rity. They fall into two categories, spin \ fermions and spin 1 bosons. 

(b) Fermions 

We have learned that there are two quite distinct types of "fundamental" 
fermions: leptons and quarks. The quarks carry the tri- valued color quantum 
number, whereas the leptons do not. At first sight it is natural to separate 

* One could also define a zeroth, or classical, rung, wherein the energies are too low to 
produce any excitations in atoms or molecules. 
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these fermions into three families as follows: 
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(87) 



Each family contains two quarks and two leptons. The quarks have charges 
Q = f and Q = —J , the leptons Q = and Q = -1. Since the quarks are 
threefold degenerate, the total charge of each family vanishes. As one moves 
from left to right in (87) the masses increase by sizeable steps for all particles, 
with the possible exception of the neutrinos, which could all have zero mass. 
At this time there is no direct experimental evidence for the f -quark, and for 
that reason it is shown in parentheses in (87). But there is good reason to 
anticipate its existence. From a naive point of view, the pattern shown by 
Eq. (87) cries out for a Q = § partner to b, but there is also a more 
compelling argument in its favor.* From the data on e + e~ annihilation now 
available, the limit on the mass of t is m t <: 20 GeV. 

The first family in (87) plays a special role, as virtually everything we see 
about us in nature only involves fermions in this family. With the possible 
exception of the neutrinos, the members of the second and third families are 
unstable. Hence they only appear in accelerator laboratories and in cosmic 
ray phenomena; as we shall see in §13, they also are presumed to have played 
an important part in the very early history of the universe, immediately 
following the Big Bang. 

Both quarks and leptons also carry the quantum number called weak 
isospin T, and all belong to T = \ doublets. Weak isospin has deep sig- 
nificance because it reflects a hidden symmetry of the electroweak interac- 
tion that is exact insofar as we now know. 

The leptons within each family belong to one such T-doublet, but the 
situation is somewhat more involved for the quarks. This is most readily seen 
by recalling [§9(b)] that three lepton numbers N t are conserved by all the 
known interactions, so that there are no ix <-» e transitions, etc. On the other 
hand, there are no corresponding conservation laws for quarks of different 
flavor; for example, it is not true that 

N(u) - N(u) + N(d) - N(d) 

is conserved, because there are s <-» u transitions, etc. But one can form 
linear combinations of the Q = — J quarks (or, equivalently, of the Q = \ 
quarks) so that the charge-changing weak interaction only produces transitions 
between one Q — f quark state and one Q - —J state. If there were but two 
families, the appropriate linear combinations of Q = —J quarks, d' and s' 9 

* The weak decays of the 5-mesons (with composition bu and bd) reveal that the fc-quark 
decays predominantly into c, and not u. It can be shown that this is to be expected if b is a 
member of a weak isodoublet with a sixth quark (f), but is inconsistent with models having only 
five quarks. 
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were already given explicitly in Eq. (48). When there are three families, there 
are three such "eigenmodes" of the charge-changing weak interaction, d f , s', 
and b', and the coefficients that appear in the analogue of Eq. (48) depend 
not only on the Cabibbo angle, but also on several other parameters. 
The quark T-doublets are then (w,d'), (c,s'), and (t,b f ). When we wish to 
emphasize the role of weak isospin it is therefore not appropriate to group the 
fundamental fermions as in Eq. (87), but rather as follows: 



(88) 



Henceforth we shall refer to these groupings as generations. 

It is illuminating to represent the fermions within each generation in a 
three-dimensional Cartesian coordinate system (£ that displays their quantum 
numbers (see Fig. 39). One axis, say the z-axis, specifies the component T 3 of 
the weak isospin. As all fermions have T 3 = \ or -\ , they must all appear on 
one or the other of two planes perpendicular to the z-axis with intercepts at 
z = ±\. The two other axes, called x and y, are used to specify color, and any 
object without color lies at x = y = 0. Hence the leptons are placed on the 
z-axis, as shown. The three color states of each quark are placed on the 
vertices of an equilateral triangle in the plane having the T 3 -intercept 




Fig. 39. The leptons and quarks belonging to the first generation, shown in the coordinate system 
(£, whose z-axis specifies the component T 3 of weak isospin, and whose x and y- axes specify the 
color quantum numbers; for a detailed discussion of the latter, see §IV.A (Vol. II). 
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appropriate to that quark. The complete symmetry between the three color 
states is captured by the equilateral nature of the triangles; the mathematical 
reasoning behind this assertion will be explained in §IV.A.3 (Vol. II). 

We emphasize that each fermion generation has a diagram identical to 
Fig. 39. 

(c) Vector bosons and gauge fields 

The strong and electroweak interactions are mediated by fields whose 
quanta have spin 1, and are therefore vector bosons. These are the basic 
elementary bosons of the Standard Model.* 

The most familiar field quantum is the photon, y. It can be emitted or 
absorbed by any fermion with nonzero charge, and in so doing the fermion 
does not alter its color or weak isospin eigenvalue T 3 . Hence a fermion stays 
put in Fig. 39 when it participates in the electromagnetic interaction. 

The emission or absorption of other field quanta can, however, cause a 
change of color or T 3 , and it is instructive to follow these changes in the space 
(£ of Fig. 39. These emission and absorption processes may be separated into 
three categories: 

1. Emission or absorption of a W + or W~, which causes a quark or lepton 
to change its T 3 -eigenvalue, and therefore produces a motion parallel to 
the z-axis; 

2. Emission or absorption of gluons that cause a quark to change its color, 
and therefore to move along an edge of the triangle to which it belongs; 
and 

3. Emission or absorption of field quanta that cause no change of color or 

T 3 . 

Let us count the number of independent emission and absorption 
processes, and thereby, the total number of field quanta. In §7(b) we learned 
that there are eight distinct gluons; six correspond to the possible motions to 
and fro along the edges of the color triangle, and two to field emission or 
absorption processes wherein the quark color does not change. To this we 
must add the four electroweak quanta: W + , W~, and the two quanta that 
cause no change of T 3 : Z° and y. This gives a total of twelve field quanta. We 
can also depict these quanta in the space ©, as shown in Fig. 40, where the 
color and T 3 -transitions just described are shown as arrows, while the four 
quanta that produce no change in the fermion quantum numbers are shown as 
dots at the origin of (£. 

Each of these twelve vector bosons is the quantum of a vector field. The 
equations of motion that determine the space-time behavior of these fields 



* As we shall see, the gravitational interaction can be ignored in elementary particle physics 
as long as the total energy is below 10 19 GeV. For that reason we shall not discuss the graviton, 
the spin 2 particle that emerges from a quantization of Einstein's field equations. The simplest 
models of the electroweak symmetry breaking also require a spin Higgs particle [recall §10(c)], 
but as there are theoretical reasons to doubt that this can be an elementary particle [see §13(d)], 
we shall not include it in our fundamental boson zoo. 
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Fig. 40. The vector bosons of the Standard Model, represented in the coordinate system (£ by the 
transitions that they mediate. The arrows in the x-y plane correspond to the six color-changing 
gluons, while the solid dots represent the two gluons that do not induce color changes. The 
charged W's produce changes of T 3 , as indicated, while the T^-conserving Z° and photon are 
shown as open circles. 



will be discussed in Vol. II, Chaps. IV and VI. Here we shall confine 
ourselves to some descriptive remarks. 

According to current theory, the strong and electroweak fields have 
equations of motion, and couplings to their sources, that are wholly specified 
by an elegant generalization of the principle of electromagnetic gauge 
invariance.* For a particle of charge Q, electromagnetic gauge invariance 
stipulates that the Schrodinger equation is to be invariant when the particle's 
wave function undergoes an arbitrary, space-time dependent, change of 
phase: 

(A(r,r) -* e-**** (A(r,f). (89) 

The invariance of the kinetic energy term requires the introduction of a field, 
the vector potential A(r,f). It appears in the Schrodinger equation as an 
addition to the gradient, in the combination 

V - /0A, (90) 

and undergoes the transformation 

A^A--£V* (91) 

* Gauge theories are discussed in Vol. II, Chaps. IV and VI; for an introductory survey, see 
Weisskopf (1981). 
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in concert with (89). Gauge invariance requires that observable quantities be 
independent of x when the transformations (89) and (91) are carried out. For 
that reason the magnetic field is the curl of A, and the electric field follows 
therefrom by a Lorentz-co variant generalization of the curl. The replacement 
of the gradient in the kinetic energy by (90) gives rise, in the energy density, 
to a term j • A that couples the field to the electromagnetic current density j. 
This is the origin of the electromagnetic interaction, as given by Eq. C(9). 

The electroweak and color fields are introduced in a similar fashion. In the 
former case, the fermion sources form a T = \ doublet, and instead of (89) 
their wave function is therefore transformed by a 2 x 2 matrix U 2 . Aside 
from an overall phase, such a matrix depends on three real parameters, as we 
learned in §B.3(d). This unitary transformation is elevated to the status of a 
(non-Abelian) gauge transformation by letting these three parameters be 
arbitrary space-time dependent functions. One of these functions specifies 
rotations generated by the diagonal Pauli matrix r 3 , and is therefore not 
involved in any process that changes T 3 . The other two functions parametrize 
rotations about the 1 and 2 axes in the weak isospin space % 3 , and are 
associated with changes of T 3 . The generalization of gauge invariance to the 
2x2 case therefore requires the introduction of three vector potentials, one 
per parameter. One is connected to transformations generated by r 3 , its 
quantum is called W°, and its emission or absorption causes no change of T 3 . 
The other two fields, connected with t 1 ± it 2 , cause transitions between the 
T 3 = \ and -\ states of the fermions; their quanta are W + and W~. There is 
a fourth field, associated with the overall phase mentioned at the beginning of 
this paragraph. Its quanta are the objects called B° in §10(b). The electrically 
neutral quanta B° and W° combine to form the photon and Z°, as explained 
in the discussion leading to Eqs. (64) and (66). 

The color fields arise when one demands that a transformation on a quark 
triplet induced by a 3 x 3 unitary matrix U 3 , whose elements are arbitrary 
functions of space and time, leave the quarks' Schrodinger equation in- 
variant. Aside from an overall phase, which was already used for the B° field, 
U 3 has eight other free parameters. To each of these there corresponds a 
color field, and a gluon field quantum, as we already saw in connection with 
the discussion related to Fig. 40. 

Because of the close parallel between the electroweak and color gauge 
invariance principles on the one hand, and electromagnetic gauge invariance 
on the other, all couplings have the electromagnetic format of Eq. C(9): the 
scalar product of a current and a vector potential. There are 12 distinct 
currents, one per gauge field. These currents describe the transport of color, 
weak isospin, and naturally also of electrical charge. The field equations also 
bear a striking resemblance to Maxwell's equations.* 



* Indeed, by introducing a suitable notation, one can write the electroweak and strong field 
equations (the so-called Yang-Mills equations) in a format identical to Maxwell's; see §IV.C3 
(Vol. II). 
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Despite these similarities between pure electrodynamics and the strong 
and electroweak interactions, there are very significant differences. As we 
learned in §7(b), QCD is an intrinsically nonlinear field theory because the 
gluons transport color. The same is true of the electroweak theory. These 
nonlinearities manifest themselves in the form of transitions such as 
W + W~ <h> Z° and W + W~ «* Z°Z° among the field quanta, and to corre- 
sponding vertices in the Feynman diagrams. In the case of the color field, 
these vertices were already shown in Fig. 20(b) and (c). 

This completes our summary of the Standard Model — that is, of what we 
believe to be either established by direct observation, or by compelling 
theoretical inference. This orthodoxy could still be overthrown, because 
many of its essential ingredients have not yet been seen in the laboratory: The 
f -quark, the mutual couplings of the electroweak quanta, and the couplings 
between gluons; furthermore, the evidence for gluons from jet phenomena is 
still fragmentary. But let us be presumptuous enough to assume that this 
imposing list of gaps will be filled in the anticipated manner. Then we can say 
that all the phenomena of atomic, nuclear, and subnuclear physics observed 
thus far are ultimately due to the fermions listed in Eq. (88), and the bosons 
shown in Fig. 40. By "thus far" we allude to existing data which show that the 
charged leptons, and the u and d quarks, are pointlike to within the currently 
available resolution of order 10~ 16 cm (see Chaps. II and V, Vol. II). If there 
is any lepton or quark substructure, it must have dimensions smaller than 
that. The discovery of such a substructure would herald the existence of at 
least one new rung on the Quantum Ladder, with characteristic energies of 
several hundred GeV or more. 



13. Outlook 

We wish to leave the reader with a glimpse of those conjectures that flow most 
plausibly from what we now know, but which have little, if any, experimental 
confirmation.* With this end in mind, we pose a number of questions that 
immediately arise from the foregoing synopsis: 

1. Quarks and leptons are all structureless spin \ particles, having identical 
electroweak interactions, and appearing in an identical manner in each 
generation. Does this imply that quarks and leptons are related to each 
other? 

2. The electroweak connection shows that electromagnetic and weak 
phenomena are actually manifestations of one interrelated set of fields. 
Is the strong interaction field also related to the electroweak field? 

* There are many introductory articles on the topics to be touched on here. Among these we 
may mention the following: on grand unification, Georgi (1980, 1981) and Salam (1980); on 
proton decay, cosmology, and related matters, Goldhaber (1980), Schramm (1983), Turner 
(1979), Weinberg (1977, 1980), Weisskopf (1983), and Wilczek (1980); on monopoles, Carrigan 
(1982); on quark and lepton substructure, Harari (1982). 
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3. Why do the fermions occur in distinct generations that appear to be 
identical replicas of each other? 

4. Why have we ignored CP violation in our synopsis? 
The first question can be rephrased in the following manner: 

r. Are the quarks and leptons within one generation merely different 
states of a fermion multiplet, just as, the charged lepton and the 
corresponding neutrino are members of a weak isospin doublet? 
When put this way, the question becomes more incisive, because the notion 
"multiplet" only has content if transitions between states belonging to the 
multiplet are possible. In the present context these would be processes where 
a quark turns into a lepton, or vice versa. The existence of such transmuta- 
tions would have dramatic implications, for they violate both baryon and 
lepton number conservation. Consequently, proton decay would no longer be 
forbidden: processes such as/? -^ 7r°e + would be allowed. Since the proton is 
known to have a lifetime that is vastly longer than the age of the universe, the 
proposal to put quarks and leptons into one multiplet is, at least at first sight, 
a rather far-fetched idea. 

(a) Grand Unification 

Let us now look at the second question. It asks whether all the fields of 
"elementary" particle physics can be combined into one "Grand Unified 
Field." If we assume that the field concepts that we have relied on thus far are 
generally valid, the conjecture that quarks and leptons are to be combined 
into multiplets has very direct implications for the nature of this Grand 
Unified Field. This is so because a transition between two members of a 
source multiplet must then be accompanied by the emission or absorption of a 
spin 1 field quantum. As shown in Fig. 40, in the Standard Model all 
transitions are either along the weak isospin axis T 3 of the coordinate frame 
S, or in one of the color planes orthogonal thereto, a circumstance which 
reflects the absence of any relationship between the electroweak and strong 
fields in that model. But a quark-lepton transition is along a direction that 
has both T 3 - and color projections. For that reason the fields associated with 
the quark-lepton transitions would relate the strong to the electroweak fields. 

Admittedly, the preceding geometric argument is no substitute for a 
mathematical theory. Nevertheless, it does reveal some of the essential fea- 
tures that a field theory based on lepton- quark unification must have: a set 
of fields that is larger than those of the Standard Model, with the new fields 
providing relationships between the electroweak and strong interactions. In 
particular, quantities that are free parameters in the Standard Model may 
have a definite value fixed by symmetry in the unified theory. 

But how can a theory of this type be compatible with the lifetime t p of the 
proton, which is longer than 10 31 years? This problem can, at least in 
principle, be overcome by simply copying the mechanism of the electroweak 
theory, which allows that theory to account for the great disparity between 
the rates of weak and electromagnetic processes at low energies. As we know, 
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this is presumed to be due to the large masses of the W and Z° bosons, which 
inhibit weak processes at energies well below those masses. By the same 
token, one can make the proton lifetime arbitrarily long by simply assigning 
sufficiently large masses to the new bosons associated with the lepton-quark 
transitions. The order of magnitude of these masses can be estimated by the 
argument associated with Eqs. (41) and (42): Since, by hypothesis, the theory 
is to unify the interactions, we can take the electroweak coupling constant g to 
be the characteristic coupling constant for all interactions, including the one 
that is responsible for proton decay. The amplitude for proton decay must 
then be proportional to (g/m x ) 2 , where m x is the mass of a new, super-heavy 
field quantum. If we assume that t p is of order 10 31 years, this leads to the 
estimate 

m x ~ 10 15 GeV. (92) 

This is a prodigious mass, which is just another way of saying that t p is 
enormous on the time scale set by the familiar processes of particle physics, 
and indeed of astrophysics. 

The general features we have just sketched have been fleshed out in a 
number of concrete and detailed models. All interactions in these theories are 
mediated by gauge fields. Their predictions depend on the fact (see 
§IV.C4, Vol. II) that in quantum field theories the amplitudes that describe the 
conversion of a field quantum into a fermion-antifermion pair, or vice versa, 
vary logarithmically with the total energy of the pair. This variation can be 
accounted for by replacing the coupling constant (e.g., e in QED) by a 
so-called running coupling constant, whose variation with energy is chosen to 
reproduce the aforementioned variation of the annihilation and creation 
amplitudes. This is more than a sleight-of-hand, because the scattering of two 
fermions has a variation with momentum transfer as if the basic interaction in 
the field theory were energy dependent, and this dependence is fully accounted 
for by replacing the elementary coupling constant by the running coupling 
constant. The rate at which the coupling constant "runs" is firmly predicted 
by the theory, and there is a characteristic difference between linear (or 
Abelian) field theories (such as QED) on the one hand, and intrinsically 
nonlinear (or non-Abelian*) field theories (such as QCD) on the other: In the 
linear case, the interaction becomes stronger with increasing energy, whereas 
in the nonlinear cases the interaction becomes weaker, and tends asymptoti- 
cally to zero. The latter property of non-Abelian field theories is called 
asymptotic freedom. 

The most constrained Grand Unified Models assume that all leptons and 
quarks within one generation form a multiplet, and that there are no missing 

* This terminology has the following origin. A group is said to be Abelian if all its elements 
commute; otherwise it is non-Abelian. The elements of the "electromagnetic gauge group" are 
the phase factors in Eq. (89), which commute for differing values of x, whereas the non-Abelian 
gauge groups involve noncommuting matrices, as discussed on p. 160. 
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fermions (except, possibly, for further complete generations). These models 
have only one fundamental coupling constant, to which the familiar coupling 
constants of the strong and electroweak interactions are related by the 
underlying symmetry. At energies currently available to us, this symmetry is 
not obvious — it is hidden, in the same sense that the electroweak symmetry is 
hidden at energies below ~ 100 GeV [recall §10(c)]. But in view of the 
variation of the coupling constants discussed in the preceding paragraph, the 
strong interaction strength decreases as the energy of phenomena increases, 
whereas the electromagnetic coupling increases. Hence there is an energy M 
where these couplings become equal. * The quantity M can be computed from 
the gauge theories, and the values of the coupling constants at currently 
accessible energies, where they are very different indeed. Remarkably 
enough, the value of M calculated in this way from the Grand Unified 
Theories is of the same order of magnitude as our rough guess for the mass 
m x - Furthermore, the calculation of the unification mass M automatically 
determines a well-defined value for the electroweak mixing angle 6 W . 

The value of 6 W computed from the theory is in excellent numerical 
agreement with the latest measurements, as given in §10(d). The theoretically 
expected value for t p is somewhat smaller than the present experimental 
lower limit on the lifetime (Bionta, 1983). This disagreement between the 
expected and measured values of the proton lifetime, if confirmed, would, at 
the least, imply that the simplest Grand Unified Models are not valid. It 
may also be that the whole framework of grand unification is a misconception. 
Nevertheless, it is noteworthy that Grand Unified Theory predicts a proton 
lifetime that is enormously long in comparison to the characteristic time scales 
of particle physics, and a value of 6 W in astonishing agreement with the data. 
These successes indicate that the Grand Unified Theory should be treated 
with due respect.** 

On the other hand, the Grand Unified Theories also have a number of very 
unsightly blemishes. They offer no insight whatsoever into the mass spectrum 
of the quarks and leptons. Indeed, these masses must be inserted into the 
theory "by hand." Nevertheless, the actual values of these masses play a 
crucial role in all the phenomena that surround us. The small electron-to- 
proton mass ratio causes the nuclei to have well-defined locations in the 



* The situation is actually more complex (see Vol. II, §VI.D). As we learned in §10, the 
electroweak interaction has two independent coupling constants, g and g' . The former charac- 
terizes the coupling of the non-Abelian W field, and therefore decreases with energy, whereas the 
latter is associated with the Abelian B field, and increases with energy. Hence there are two 
falling coupling strengths, governing the W and gluon fields, and one growing strength, g'. 
Unification becomes manifest, as compared to hidden, at energies above the point where these 
three interactions merge, and the requirement that there be such a point determines not just M, 
but also $ w . 

** As shown in Vol. II, §VI.D, these theories actually predict w and \n(m x /fn w ). Hence 6 W 
is insensitive to the details of the calculation, whereas r p , which is proportional to m^, is very 
sensitive to the details of the theory. 
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surrounding electron cloud. This is the prerequisite for molecular 
architecture; without it, the stable configurations that characterize life and 
much of our familiar environment could not exist. The near-equality of the 
neutron and proton masses (i.e., of the u and d masses) is of fundamental 
importance in nuclear physics, and therefore in the sequence of processes that 
led from the early universe to the abundance of elements that we have today. 
Furthermore, Grand Unified Theories provide no hint as to why there are 
three generations of fermions. Insofar as the mathematical theory is con- 
cerned, one generation would do equally well. This leads one to ask whether 
a theory that has such a profound objective — the unification of quarks and 
leptons, and of all the known interactions of particle physics — can have so 
many adjustable parameters. 

Leaving these doubts aside for the moment, we discuss some other 
consequences of grand unification. First, the theories predict the existence of 
magnetic monopoles having a mass comparable to that of m x - Such objects 
were first proposed by Dirac a half-century ago, because the existence of a 
magnetic monopole guarantees that all electric charges are integer multiples 
of a fundamental unit of charge, and therefore in accord with what we 
observe. The Grand Unified Models have only one independent coupling 
constant, and impose strict algebraic relationships on the couplings of all 
objects to all fields. They therefore guarantee such a "quantization of 
charge." It turns out that any theory that produces such a charge spectrum 
always contains magnetic monopoles. The discovery of a magnetic monopole 
of the correct mass (as well as other properties predicted by the theory) would 
therefore be a triumph.* 

(b) CP violation and the cosmological proton abundance 

Let us now turn to the question of CP violation. When there are three 
generations, the charge-changing weak interaction involves a 3 x 3 unitary 
matrix A, which relates families to generations. If one ignores the third 
generation, as we did in §9 (g), A is 2 x 2; the phases can then be removed 
from this unitary matrix by redefining the wave functions of the quarks and 
leptons, so that A reduces to the orthogonal form given in Eq. (51). In the 
3x3 case appropriate to three generations, that can no longer be done. In 
consequence, the weak interaction contains some complex numbers. A 
Hamiltonian that contains complex numbers violates time-reversal invariance 
[see Gottfried (1966), §39]. But as we pointed out in §C6, the CPT theorem 
states that the combined operation of space reflection, time reversal, and 
charge conjugation is always a symmetry of any quantum field theory. Hence 
a lack of time-reversal invariance implies a violation of CP symmetry. In 
short, the charge-changing weak interaction of three generations of quarks 
and leptons accommodates CP violation in a natural manner. On the other 



* For an (isolated) observation of an event of this type, see Cabrera (1982). 
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hand, no existing theory provides an explanation as to why CP violation is 
such a small effect.* 

CP violation manifests itself in phenomena which show a visible distinction 
between a particle and its antiparticle, as Eq. (86) and the related discussion 
revealed. One may therefore ask whether the existence of CP violation can 
explain the asymmetry between matter and antimatter observed in the 
universe. Remarkably enough, Grand Unified Theory, when combined with 
the Big Bang model of the formation of the universe, provides such a 
connection. 

The argument has the following essential ingredients. First, one assumes 
that the universe is born as a state having the quantum numbers of the 
vacuum, and therefore equal numbers of fermions and antifermions. As the 
universe cools, the mean energy of all constituents drops accordingly. At 
temperatures above the grand unification mass m x , all field quanta are 
involved in fermion-antifermion pair creation and annihilation. Once the 
temperature drops below m x , the quanta involved in quark-lepton transi- 
tions drop out of the picture since they disappear forever by decay into other 
particles. (The same happens to the W and Z° bosons at a "much" later time 
when the universe has cooled below 100 GeV.) At first sight one might 
suppose that the existence of CP violation would assure a fermion-antifer- 
mion asymmetry. That is not so. One can show that a system that is always in 
thermal equilibrium, and which initially has equal numbers of particles and 
antiparticles, will always retain that symmetry even if CP is violated. That is, 
if the observed asymmetry is to emerge from an initially symmetric state via 
CP-violating interactions, the universe must have been out of thermal 
equilibrium during an epoch when CP- violating processes were significant. 

As the universe expands from the Big Bang, its temperature and density 
fall rapidly, and it will go out of thermal equilibrium if the number of 
collisions also falls too rapidly. Detailed investigation shows that the interac- 
tions of the Grand Unified Theory are such that this occurs only during the 
relatively brief epoch when the nominal temperature is of order m x - During 
that period a computable and very small imbalance between fermions and 
antifermions is generated. As the system cools further, thermal equilibrium is 
restored, but the previously produced imbalance cannot be erased by 
subsequent creation and annihilation processes. If, by definition, we call the 
more copious species "particles," the ultimate cold state will consist of 
photons and particles, but no antiparticles, and a very small (and computable) 
ratio of particles (electrons and nucleons) to photons. This ratio is estimated 
to be of order 10 " 9 , and is in reasonable agreement with the ratio inferred 

* If time reversal is not a symmetry, an isolated nondegenerate state of nonzero angular 
momentum J can have a permanent electric dipole moment d. This moment must be proportional 
to the expectation value of J, because that is the only vector that exists in the particle's rest frame. 
Note that J is odd under time reversal, as expected. Very sensitive measurements on the neutron 
(Ramsey, 1982) show that \d n \ < e • 10~ 10 fm. The observation of a nonzero d n would have 
significant implications for our understanding of CP violation. 
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from astronomical observations. Even in our epoch, this ratio is very small 
because the number of photons in the 3°K black body radiation from the Big 
Bang is about 10 9 larger than the estimated number of protons (though the 
energy of the 3° radiation is only one part in 4000 of the total mass of the 
universe). Hence Grand Unified Theory may be able to dispose of one of 
the most vexing puzzles of cosmology. 

(c) Gravitation 

The interaction most familiar to us from everyday life — gravity — has been 
ignored thus far. Can it be unified with the strong and electroweak interac- 
tions into a truly unified field theory? And, for that matter, was it legitimate 
to ignore gravity in the foregoing considerations? Let us examine this second 
question first. 

At all energies available to us today, the gravitational interaction is 
negligible compared to the other interactions. But the relative strength of 
these interactions changes with energy, primarily because the amplitude for 
scattering between two particles due to gravity grows as a power of the 
energy, whereas the amplitude due to the other interactions only vary 
logarithmically. The characteristic energy beyond which gravity must be 
taken into account is given by the Planck mass, m P , which is related to 
Newton's gravitational constant G by 

m P = (hc/Gf - 10 19 GeV. (93) 

As this is much larger than m x , gravitational effects can be ignored in all the 
phenomena we have discussed thus far. 

Nevertheless, it would be esthetically appealing, to say the least, if one 
could construct a theory that incorporated all the known interactions in a 
truly integrated fashion. Two paths toward that end are being pursued at 
present. One conjectures that gravity is not due to an independent quantum 
field, but is a cooperative effect arising from the Fermi and Bose fields that 
are already familiar to us. This ingenious approach has not yet been 
formulated in a really satisfactory fashion. 

The second approach to incorporating gravity is, in some ways, more 
conventional, in that it assumes gravity to be due to a dynamically indepen- 
dent field. It exploits the novel concept of supersymmetry , which relates 
fermions to bosons, in the sense that certain fermions and bosons appear 
together in multiplets. When Einstein's requirement that the theory be 
invariant under arbitrary coordinate transformations is imposed on a theory 
that is supersymmetric, what is called supergravity emerges. In supergravity, 
the quantum of the gravitational field, the spin 2 graviton, appears in a 
multiplet with fermions and bosons of lower spin. Supergravity is far more 
constrained than conventional (flat-space) Grand Unified Theory. Indeed, in 
contrast to the latter; supergravity does not seem to have enough space in its 
multiplets for the presently observed quarks and leptons. But it does have the 
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intriguing virtue of putting the Einstein gravitational field equations, and the 
field equations for the strong and electroweak interactions, into one neat 
package. For that reason alone supergravity merits thenntensive investigation 
to which it is being subjected. 

(d) Lepton and quark substructure 

It is of course very possible, if not probable, that the quarks and leptons 
are not the ultimate fermions from which all matter is constructed — that they 
are themselves composites in the sense that hadrons are composed of quarks. 
The existence of distinct, yet identical, generations would seem to point in 
that direction.* 

The conjecture that quarks and leptons have substructure, when combined 
with the present limit of ~10" 16 cm on their dimensions, leads to the 
following observation. The characteristic excitation energy for a system of 
such a size is —200 GeV, which is very large compared to the mass splittings 
between the three known generations. If these separations are themselves 
caused by internal dynamics, they would probably have to be viewed as the 
fine structure splitting of the ground state. Should that conjecture be correct, 
we should think of ourselves as being in the situation of someone attempting 
to divine the internal structure of the hydrogen atom from the 21 cm radiation 
emitted in transitions between the hyperfine partners of the hydrogen ground 
state. 

If quarks and leptons are actually composites, many of the speculations 
that we have discussed would either have to be dropped, or reconsidered.** 
There would then be new forces which are responsible for binding the new 
constituents into quarks and leptons. The strong and electroweak forces 
would be no more fundamental than the chemical or nuclear forces, and the 
attempt to build a unified field theory from elementary quarks, leptons, 
photons, gluons, and Ws would seem to have been misguided. 

Only further experimental research can give us decisive answers to these 
questions. If the current orthodoxy is correct, and just three generations of 



* Another hint that we have not seen the ultimate constituents comes from symmetry 
breaking. As discussed in §10(c), the weak isospin symmetry must be "broken" because W and 
Z° are not degenerate with the photon, and as mentioned there, this breaking can be 
accomplished by the Higgs mechanism, wherein a spin field acquires a nonzero vacuum 
expectation value. In the Grand Unified Theories the "grand" symmetry that relates the strong 
and electroweak interactions must be badly broken, for if it were not, m x would be comparable 
to m w and m z . Once again, the only known way of implementing this symmetry breaking is 
with the Higgs mechanism. At the moment there is no direct experimental evidence for the 
Higgs particle required by the electroweak symmetry breaking, let alone the "grand" breaking. 
Furthermore, the Higgs mechanism suffers from a serious inconsistency which has led to the 
suspicion that there is no fundamental Higgs field, and that the symmetry breaking is due to new 
fermions (i.e., fermions that are neither quarks nor leptons) which form bound states that 
behave like the Higgs bosons in the naive theory. 

** It is also conceivable that the Standard Model will be replaced by a more abstract theory, 
without conventional fundamental particles, but which, under most circumstances, describes 
phenomena "as if there were quarks, leptons, etc." 
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quarks and leptons underlie the structure of all matter, there would be no new 
phenomena between the energy range set by the electroweak masses m w and 
m z (or possibly the threshold for f -quark pair production, if that is higher), 
and the grand unification energy regime at 10 15 GeV. This "Great Desert" 
would be devoid of new phenomena, which may not be a happy prospect. On 
the other hand, if there is quark and lepton substructure, new spectrosco- 
pies — the next rungs on the Quantum Ladder — would exist, and could be 
found. 

The discovery of proton decay, or of magnetic monopoles, would be of 
seminal importance whether or not the lifetime, or the properties of the 
monopoles, were compatible with Grand Unified Theory. The observation of 
a process having a characteristic time scale in excess of 10 31 years would imply 
the existence of new phenomena in a regime of energies of order 10 15 GeV! 
No other natural or man-made phenomena known today can give us access to 
such energies, or to the interactions that were significant during the epoch 
when the early universe was that dense and hot. 



Appendix I 

PARTICLE PROPERTIES 



This is a greatly abbreviated version of the authoritative Tables of Particle 
Properties published by the Particle Data Group (1982), except for certain 
recent data (in particular, for B- and Y-mesons), in which case references are 
cited as indicated. 

Many of the more accurate results are rounded off, in which case no errors 
are shown; sometimes errors are indicated in parentheses, as in 
3.827(8) = 3.827 ± 0.008. In many instances only the most important decay 
modes are listed. 

All masses and widths are in MeV, and all lifetimes in seconds, unless 
otherwise indicated. Neutrino types are usually not indicated; thus /jl -» evv 
means ji— > ev^ e , etc. Decays such as ir — > /jlv, mean 7r + — > y^v^ or 
7r~ — > pTVy, , etc. For many particle-antiparticle pairs, such as K ± , the decay 
modes are shown for the positively charged member, as in K + — > 7r + 7r + 7r~, 
where it is to be understood that the corresponding K~ decay has the 
charge-conjugate decay products, i.e., K~ — > 7r~7r~7r + . The notation X 
stands for anything, as in D + ~+ K~X, where X is 7r + 7r + , or 7r + 7r + 7r°, or 



Table 1 
Field quanta and leptons a 



Particle 


Mass 




Mean life 




Decay 




Mode 


BR 


y 


<6 • 10~ 22 




stable 






Ve 


<5 • 1(T 5 




stable 






e 


0.5110 




>2 • 10 22 yrs 






v » 


<0.52 




stable 






V 


105.7 




2.197 x 10~ 6 


evv 

evvy 

ey 


99% 
1% 
<2 x 10" 10 


T 


1784(3) 




(3.2 ± 0.5) x 10~ 13 


flPV 

evv 

TTV 

pv 


(19 ± 1)% 
(16 ± 1)% 
(11 ± 2)% 
(22 ± 4)% 


w* 


81 ± 3 GeV 






ev 


seen 
seen 


z° 


96 ± 3 GeV (UA1) 


T z < 8.5 GeV 


ee 


seen 




91 ± 2 GeV 


(UA2) 




fifi 


seen 



a The t lifetime is from Jaros (1983); the W mass is from Spiro (1983) and Clark (1983); and the quoted 90% 
confidence limit on the Z° width is from Sadoulet (1983). The UA1 and UA2 values for the Z" mass are, 



respectively, from Sadoulet and Clark. 
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7r + 7r + 7r + 7r", etc. If no branching ratio (BR) is shown, the decay has been 
observed, but the data do not suffice to determine a numerical value for this 
ratio. 

By "stable hadrons" one means hadrons that only decay via the weak or 
electromagnetic interaction. 



Table 2 
Stable mesons* 



Particle 


i G (J p )c n 


Mass Mean life 




Decay 




Mode 


BR 


7T~ 


1-((T) 


139.6 2.60 x 1(T 8 


ev 


100% 

1.3 x 10~ 4 




(m^ 


- m^ = 33.91) 


evTT 
fivy 


1.0 x 10~ 8 
1.2(3) x 10~ 4 


7T° 


i-«r)+ 


135.0 0.83(6) x KT 16 


yee 


98.8% 

1.2% 




(m^ 


- m w o = 4.60) 


eeee 


3 x KT 5 


V 


+ ((T) + 


548.8(6) T = 0.8<1) keV 


3tt° 

TT TT TT 

TT + TT~y 

e + e~y 


39% 

32% 

24% 

4.9(1)% 

0.5(1)% 


A* 


4(0-) 


493.7 1.24 x HT 8 


TT TT 
TT TT TT 
TT TT TT 
TT°fJLV 

TT°ev 
TT + ee 
TT~e + e + 

TT + yy 

TT + y 

TT~e + fi + 

TT + e~fJL + 

fi + e + e~v 
fji~e + e + v 


64% 

21% 

5.6% 

1.7% 

3.2% 

4.8% 

3 x KT 7 

<10~ 8 

<4 x KT 5 

<4 x 10~ 6 

<10~ 8 

<5 x 10~ 9 

11(3) x KT 7 

<2 x 10~ 8 


K°,K° 


4(0") 


497.7(1) 


50% K° s , 50% K° L 


K° s 


i(o-) 


0.892(2) x KT 10 


TT + TT~ 
TT TT 
TT + TT~y 

e + e~ 


69% 
31% 

2 x 10~ 3 
<3 x 10~ 7 
<3 x 10~ 4 



a Here /, G, J, and P are, respectively, the isospin, G-parity, spin, and spatial parity, where G is defined in 
§111. A.9 (Vol. II). C„ is the signature under charge conjugation of the neutral member of the multiplet (see 
§II.C7 and §111. A.9, Vol. II). Underlined quantum numbers are those favored by the quark model, but not 
yet determined experimentally. The data on the 5-mass and decay information come from the CLEO 
Collaboration: S. Behrends et al., Phys. Rev. Lett. 50, 881 (1983), and K. Chadwick et al., Phys. Rev. D27, 475 
(1983). The lifetimes of B-, V-, and F-mesons are from the compilation of Reay (1983); the lifetime quoted for 
B is actually that for hadrons containing 6-quarks, i.e., either mesons or baryons (see Lockyer, 1983). The 
F-mass is from A. Chen et al., Phys. Rev. Lett. 51, 634 (1983). 
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Table 2 (continued) 



Particle 


i G (J p )c n 


Mass 


Mean life 


Decay 




Mode 


BR 


Kl 


4(0") 




5.18(4) x KT 8 


TT TT TT 
TT TT TT 


(22 ± 1)% 
12% 




m(K L ) - 


m(K s ) = 3.52(1) 


x KT 6 eV 


TTfXV 

irev 

TT + TT~ 
IT IT 

e + e~ 
e + e~y 


27% 

39% 

0.203(5)% 

0.09(2)% 

(9 ± 2) x 10~ 9 

<2 x 10~ 7 

(2 ± 1) x 10~ 5 


D ± 


4(0") 


1869.4(6) 


(8 ± 1) x KT 13 


eX 

K~X 

K + X 

K°X + k°x 

K~TT + TT + 

K°TT + 

K°TT + TT° 

K°TT + TT + TT~ 

K°K + 


(19 ± 4)% 
(16 ± 4)% 
(6 ± 3)% 
(48 ± 15)% 
(5 ± 1)% 
1.8(5)% 
(13 ± 8)% 
(8 ± 4)% 
0.5(3)% 


D°, D° 


4(0-) 


1864.7(6) 


3.8(4) x KT 13 


eX 
K~X 

K°X + K°X 
K + X 

K~TT + TT° 

K~p+ 

TT + TT 

K + K~ 


<6% 

(44 ± 10)% 
(33 ± 10)% 
(8 ± 3)% 
(9 ± 3)% 
(2 ± 1)% 
(7 ± 3)% 
(8 ± 4) x 10~ 4 
(3 ± 1) x KT 3 


F ± 


o(o-) 


1970 ± 7 


(3 ± 1) x KT 13 


r)7T,T]7T7T7T,p <f) 


B°, B° 


i(o-) 


5274 ± 4 


~2 x KT 12 


charmed states dominant 


B* 


4(0-) 


5271 ± 4 
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Table 3 












Stable baryons* 






Particle 


I(J P ) 


Mass 


Mean life 




Decay 




Mode 


BR 


P 


Mr) 


938.3 


>2 x 10 31 yrs 






n 


ur) 

(m p - m n - 


939.6 
= 1.293) 


925 ± 11 


pev 


100% 


A 


0(i + ) 


1115.6 


2.63(2) x 1(T 10 


pir~ 
pe~v 

Pfl~V 


64% 

36% 

8.4(2) x 10~ 4 

1.6(4) x KT 4 


X + 


1(1 + ) 


1189.4 


0.80 x KT 10 


piP 
Ae + v 


52% 
48% 
2.0(5) x KT 5 


X° 


icn 


1192.5(1) 


(6 ± 1) x 10" 20 


Ay 


100% 


2- 


i(i + ) 


1197.3(1) 


1.48(1) x KT 10 


ne~v 
nfjL~v 
Ae~v 


~100% 
1.1 x KT 3 

5 x 10~ 4 

6 x 10~ 5 


H° 


i(i + ) 


1314.9(6) 


2.9(1) x KT 10 


AtP 


~100% 


B~ 


i(i + ) 


1321.3(1) 


1.6 x KT 10 


Att~ 

Ae~v 

AfjTv 


«100% 

(3 ± 1) x KT 4 

(4 ± 4) x KT 4 


n~ 


0(i + ) 


1672.5(3) 


0.82(3) x KT 10 


AK~ 

H°7T- 


(69 ± 1)% 
(23 ± 1)% 
(8 ± 1)% 


K 


0(i + ) 


2282 ± 3 


(2.2+8:4) x 10~ 13 


pK~TT + 

Att+^V" 
A ++ K~ 


(2 ± 1)% 
(1 ± 1)% 



a For H, P has not been measured, while for ft" and A + neither J nor P is measured. Quantum numbers shown 
are those favored by quark model. The limit on the free proton lifetime is a 90% confidence level measurement 
on the mode p-» e + 7r° by R. M. Bionta (1983). For A + lifetime, see Reay (1983). 
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Table 4 
Mesons without strangeness or charm, or heavy qi^ark constituents 



Particle 


i G (J p )c n 


Mass 


Width 




Decay 




Mode 


BR (%) 


7T~ 


i-(o-)+ 


139.6 


0.0 


See Table 2 


7T° 




135.0 


8.0(6) eV 






V 


+ (0~) + 


549 


0.8(1) keV 






p 


1 + (1~)- 


769 ± 3 


154 ±5 


7T7T 
MM 

ee 


«100 

0.007(1) 

0.0043(5) 


(O 


o-(i-)- 


783 


9.9(3) 


TT TT TT 

7r° r 

TT + TT~ 

ee 


90 

9 

1 

0.0072(7) 


V 


+ ((T) + 


958 


0.3(1) 


TJTTTT 

(oy 


65 ±2 
30 ±2 
2.8(5) 
1.9(2) 


5* 


+ (0 + ) + 


975 ± 4 


33 ±6 


7T7T 

KK 


78 ±3 
22 ±3 


5 


l~(0 + ) + 


983 ±2 


54 ±7 


rjTT&KK 




<f> 


o-(i-)- 


1020 


4.2(1) 


K + K~ 

TT TT TT 

TT 6 y 


49 ± 1 
35 ± 1 
15 ± 1 
1.5(2) 










0.14(5) 










ee 


0.031(1) 










fijl 


0.025(3) 


/ 


+ (2 + ) + 


1273 ± 5 


179 ± 20 


TTTT 

2tt + 2tt~ 
KK 


83 ±2 

2.8(4) 

2.9(2) 


A\ 


l-(l + ) + 


1275 ± 30 


315 ± 45 


pTT & 


7r(7r7r),y. wave 


e 




-1300 


200-600 


TTTT 

KK 


-90 
-10 


A2 


l~(2 + ) + 


1318 ± 5 


110 ±5 


pTT 
t]TT 
(OTTTT 

KK 


70 ±2 
15 ± 1 
11 ±3 
4.8(5) 


r 


+ (2 + ) + 


1520 ± 10 


75 ± 10 


KK 


dominant 


p' 


1 + (1~)- 


1600 ± 20 


300 ± 100 


4tt 


dominant 


o>(1670) 


0-(3-)- 


1688 ± 5 


166 ± 15 


3tt & Stt 




A3 


l-(2-) + 


1680 ± 30 


250 ± 50 


fn 

pTT 


55 ±5 
36 ±6 


0(1680) 


o-(i-)- 


1684 ± 15 


126 ± 22 


K*K + K*K dominant 


g 


l + (3~)- 


1691 ± 5 


200 ± 20 


2tt 
4tt 
KKtt 
KK 


24 ± 1 
71 ±2 
4± 1 
2 


h 


+ (4 + ) + 


2040 ± 20 


150 ± 50 


TTTT & KK 
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Table 5 
Mesons containing one s, c, or b quark 



Particle 


I G (J P ) 


Mass 


Width 




Decay 




Mode 


BR(%) 


K* 


i(o-) 


493.7 




See Table 2 


K° 




497.7 








K* 


an 


892 a 


51 ± 1 


Ktt 

Ky 


«100 
0.15(7) 


Gi(1280) 


Ki + ) 


1270 ± 10 


90 ±20 


Kp 
Ktt 

K*TT 

K(o 


42 ± 6 
28 ±4 
16 ± 5 
11 ± 2 


k(1350) 


1(0 + ) 


-1350 


-250 


Ktt 




A:* (1430) 


i(2 + ) 


1434 ± 5 


100 ± 10 


Ktt 

K*tt & K* 

Kp 

K(o 


45 ±2 

TTTT 38 ± 3 

9 ± 1 

4±2 


A:* (1780) 


4(3") 


1775 ± 10 


140 ± 20 


KTTTT b 

Kit 


dominant 

17 ±5 


D,F 






See Table 2 






D* + 


i(i-) 


2010 


<2 


D°tt + 

D + TT° 

D + y 


64 ± 11 
28 ± 9 

8 ± 7 


D*° 


4(i") 


2007 


<5 


D°TT° 

D°y 


55 ± 15 
45 ± 15 


B 






See Table 2 







a Mass is for K**; m(K*°) - m(K**) = 7 ± 1. 
b Ktttt includes Kp and K*ir. 
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Table 7 
Nucleon levels (I 

The higher-lying levels are observed as resonances in the phase of ttN 
scattering amplitudes (see §111. A, Vol. II). If the resonance is broad, this 
often does not allow one to extract a one standard deviation error for the 
mass and width, even though the existence of the resonance, and its 
spin-parity, can be established. In this and the following baryon tables we use 
the notation defined in Table E.l, and therefore do not specify I ox S. 



Particle 


J p 


Mass 


Width 






Decay 






Mode 


BR(%) 


P 




938.3 






See Table 3 




n 


i + 


939.6 












#(1440) 


r 


1440 ± 40 


120-350 


#77 
#7? 

Ntttj 






50-70 
8-18 
-30 


#(1520) 


r 


1520 ± 10 


125 ± 15 


Ntt 

#7777 

#P 

A7T 






50-60 

35-50 
15-25 
15-25 


#(1535) 


r 


1540 ± 20 


100-250 


Ntt 
#77 

#7T77 






35-50 
40-65 

~5 


#(1650) 


r 


1650 ± 30 


100-200 


Ntt 
AK 
XK 

Np 

Att 






55-65 
5-10 
3-10 

-20 
4-15 


#(1675) 


r 


1675 ± 15 


150 ± 30 


Ntt 
Att 






30-40 
50-65 


#(1680) 


r 


1680 ± 10 


125 ± 15 


Ntt 
Att 
Np 
Ne 






55-65 
-12 
-10 
-20 


#(1700) 


2.- 
2 


1700 ± 30 


100 ± 30 


Ntt 
#77 
Att 
Np 






8-12 
-4 
15-40 

-5 


#(1710) 


r 


1710 ± 30 


110 ± 20 


Ntt 
#77 
AK 
XK 






10-20 
5-35 
5-15 
2-10 










Att, 


Np, 


Ne 


>50 


#(1720) 


r 


1690-1800 


125-250 


Ntt 
#77 
A#, 


IK 




10-20 
3-6 

4-17 










A7T, 


Np, 


Ne 


-70 


#(1990) 


7 + 
1 


1950-2050 


120-400 


Ntt 
#77 
AK, 


XK 




-5 
-3 


#(2200) 


5- 

1 


1900-2230 


150-400 


Ntt 
#77, 


AK 




-8 


#(2220) 


r 


2150-2300 


300-500 


#7T 






-18 


#(2250) 


r * 


2130-2270 


200-500 


#7T 

#77 






-10 

-2 


#(2600) 


*- 


2580-2700 


>300 


#77 






-5 
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Table 8 










A levels (I = \ ) 






Particle 


J p 


Mass 


Width 


Decay 






Mode 


BR(%) 


A(1232) 


r 


1232 ± 2 


110-120 


Ntt 
Ny 


99.4 
0.6 


A(1600) 


3 + 
1 


1500-1900 


150-350 


Ntt 

NtTTT, A7T, Np 


15-25 
-80 


A(1620) 


1- 

1 


1600-1650 


120-160 


Ntt 

NtTTT, AlT, Np 


25-35 
-70 


A(1700) 


r 


1630-1740 


190-300 


Ntt 

NtTTT, AlT, Np 


10-20 
-85 


A(1900) 


i- 


1850-2000 


130-300 


Ntt 
XK 


6-12 
-10 


A(1905) 


r 


1890-1920 


250-400 


Ntt 

NtTTT, AlT, Np 


8-15 
-80 


A(1910) 


i+ 

"5 


1850-1950 


200-330 


Ntt 
XK 

Ntttt, Np 


23 

2-20 
>40 


A(1920) 


r 


1860-2160 


190-300 


Ntt 
IK 


-16 

-5 


A(1930) 


r 


1890-1960 


150-350 


Ntt 
XK 


4-14 
<10 


A(1950) 


7 + 
1 


1910-1960 


200-340 


Ntt 

NlTTT, AtT> Np 


35-45 
-60 


A(2420) 


11+ 
T 


2380-2450 


300-500 


Ntt 


5-15 








Table 9 










Strange baryon levels 






Particle 


j p 


Mass 


Width 


Decay 






Mode 


BR(%) 


A 


1 + 
1 


1116 




See Table 3 


A(1405) 


4" 


1405 ± 5 


40 ± 10 


Xtt 


«100 


A(1520) 


r 


1519 ± 1 


16 ± 1 


NK 
Xtt 

Atttt 


45 ± 1 
42 ± 1 
10 ± 1 


A(1600) 


i + 
i 


1560-1700 


50-250 


NK 
Xtt 


15-30 
10-60 


A(1670) 


l- 


1670 ± 10 


25-50 


NK 

Xtt 
A17 


15-25 
20-60 
15-35 


A(1690) 


3- 

1 


1690 ± 5 


60 ± 10 


NK 

Xtt 

Atttt , 2,tttt 


20-30 
20-40 

-45 


A(1800) 


1~ 


1720-1850 


200-400 


NK 

Xtt, S(1385)tt, 
NK*(892) 


25-40 


A(1820) 


r 


1815-1825 


80 ± 10 


NK 

Stt, S(1385)tt 


-60 


A(1830) 


r 


1810-1830 


60-110 


NK, S(1385)tt 


35-75 
>15 
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Table 9 


(continued) 








Particle 


J p 


Mass 


Width 




Decay 






Mode 




BR(%) 


A(1890) 


r 


1850-1910 


60-200 


NK 
2tt 




20-35 
3-10 


A(2100) 


i- 


2090-2110 


100-250 


NK 

NK* (S92) 




25-35 
10-20 


A(2110) 


r 


2090-2140 


150-250 


NK 

2tt 
NK* (892) 




5-25 
10-40 
10-60 


A(2350) 


r 


2340-2370 


100-250 


NK 

2tt 




-12 
-10 


2 


2 


1189 




See Table 3 




2(1385) 


r 


1382 


35 ± 1 


Att 
2tt 




88 ± 2 
12 ± 2 


2(1660) 


r 


1630-1690 


40-200 


NK 
Att, 27T 




10-30 


2(1670) 


r 


1665-1685 


40-80 


2tt 
NK 

Att 




30-60 
-10 
5-15 


2(1750) 


i- 


1730-1800 


60-160 


NK 




10-40 
15-55 


2(1775) 


r 


1770-1780 


105-135 


NK 
Att 

2(1385)tt 
A(1520)tt 




-40 
14-20 
-10 
-20 


2(1915) 


r 


1900-1935 


80-160 


NK 




5-15 










Att, 2tt, 2(1385)tt 




2(1940) 


r 


1900-1950 


150-300 


NK 




<20 










Att, 2tt, 2(1385)tt, 












A(1520)tt, 


A(1232)A:, 












NK*(S92) 






2(2030) 


7 + 
1 


2025-2040 


150-200 


NK 

Att 

2tt 

2(1385)tt 

A(1520)tt 

A(1232)£ 




-20 

-20 
5-10 
5-15 

10-20 

10-20 


5 


r 


1315 




See Table 3 




5(1530) 


r 


1532 


9.1(5) 


Btt 




«100 


5(1820) 


i 


1823 ± 6 


20-Jg 


AK 
XK 

5(1530)tt 




-45 
-10 

-45 
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